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ABSTRACT 
A  LINEAR PROGRAMMING MODEL FOR ASSESSING 
THE REGIONAL IMPACTS OF ENERGY DEVELOPMENT 
ON WATER RESOURCES 
B a r r i n g  rnajor t echno log i ca l  changes i n  ava i  1  a b l e  processes, p r o j e c t e d  
expansion o f  energy p roduc t i on  w i l l  u t i l i z e  s u b s t a n t i a l l y  inc reased  quan- 
t i t i e s  o f  water .  I n  many areas o f  t h e  coun t ry ,  p l a n n i n g  w i l l  be needed t o  
accommodate new energy - re la ted  wate r  demands. As a  bas i s  f o r  p lann ing ,  
p r o j e c t i o n s  o f  water  a l l o c a t i o n  and demand f o r  energy p roduc t i on  w i l l  be 
needed t o  i d e n t i f y  t h e  e x t e n t  w i t h  which inc reased  energy p roduc t i on  w i l l  
compete w i t h  o t h e r  uses f o r  a v a i l a b l e  water .  
I n  p a r t i c u l a r ,  t h i s  r e p o r t  d iscusses t h e  development and a p p l i c a t i o n  o f  
a  mu1 ti pe r i od ,  mu1 t i  p l  a n t  1  i n e a r  programming model o f  an energy p roduc t i on  
system and assoc ia ted  wate r  supp ly  components. The model s imu l taneous ly  
appra ises  a l t e r n a t i v e  expansion s t r a t e g i e s  and ope ra t i ng  schedules f o r  steam- . 
e l e c t r i c  power gene ra t i on  and coa l  g a s i f i c a t i o n  i n d u s t r i e s .  The model iden-  
t i f i e s  t he  type,  s i ze ,  l o c a t i o n ,  and sequence o f  c o n s t r u c t i o n  o f  new energy 
p r o d u c t i o n  f a c i l i t i e s ;  and t h e  l e v e l s  o f  energy p roduc t i on  and t r ansm iss i on  
t h a t  m in im ize  t h e  c o s t s  o f  meet ing derr~ands f o r  e l e c t r i c i t y  and gas over  a  
s p e c i f i e d  f u t u r e  t ime  per iod .  
For  each minimum-cost expansion s t r a t e g y  t h a t  i s  i d e n t i f i e d ,  t h e  model 
a1 so determines corresponding i n f o r m a t i o n  about t h e  amount, l o c a t i o n ,  and se- 
quence w i t h  which water  w i l l  be used i n  f u t u r e  energy p roduc t ion .  Th i s  i n f o r -  
mat ion  i s ,  i n  e f f e c t ,  a  s p a t i a l l y  d isaggregated p r o j e c t i o n  o f  t h e  a1 l o c a t i o n  
and demand f o r  energy - re la ted  uses o f  wa te r .  
The model was implemented us i ng  t h e  s t a t e  of I l l i n o i s  as a  case s tudy  
reg ion .  The r e s u l t s  f rom t h i s  a p p l i c a t i o n  i n d i c a t e  t h a t  p r o j e c t e d  gross w i t h -  
drawals of wa te r  f o r  s t eam-e lec t r i c  power gene ra t i on  w i l l  d e c l i n e  w h i l e  con- 
sumpt ive demands f o r  t h i s  use w i l l  increase.  S p a t i a l l y ,  f u t u r e  p a t t e r n s  of 
wa te r  use f o r  power gene ra t i on  a r e  l i k e l y  t o  be more even l y  d i s t r i b u t e d  through-  
o u t  t h e  s t a t e .  The development o f  a  coa l  g a s i f i c a t i o n  i n d u s t r y  i n  I 1  l i n o i s  i s  
1  i k e l y  t o  b r i n g  about a  s i zeab le  inc rease  i n  f u t u r e  ene rgy - re l a ted  wate r  demands. 
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I. STUDY OVERVIEW AND SUMMARY RESULTS 
1  .1 INTRODUCTION 
B a r r i n g  ma jo r  improvements i n  t h e  thermal  e f f i c i e n c e s  of energy p roduc t i on  
techniques,  p r o j e c t e d  expansion o f  energy p roduc t i on  w i l l  u t i l i z e  s u b s t a n t i a l l y  
inc reased  q u a n t i t i e s  o f  water  t o  meet t h e  c o o l i n g  demands o f  s t e a m - e l e c t r i c  power 
p l a n t s ,  pet ro leum r e f i n e r i e s ,  and s y n t h e t i c  fue ls- f rom-coal  f a c i l i t i e s .  Large 
q u a n t i t i e s  o f  water  w i l l  a l s o  be consumed as one o f  t h e  m a t e r i a l  i n p u t s  i n  coal  
g a s i f i c a t i o n  and coal  l i q u e f a c t i o n  processes. 
Th is  p r o j e c t e d  inc rease  i n  water  use prompts t h e  f o l  1  owing general  c yes t i ons  
concern ing t h e  na tu re  and e x t e n t  o f  f u t u r e  ene rgy - re l a ted  water  demands: 
1. How tiluch wate r  w i l l  be needed f o r  f u t u r e  l e v e l s  o f  energy p roduc t i on?  
2. Where, w i t h i n  a  r eg ion ,  when, and what t ypes  o f  ene rgy - re l a ted  wate r  
demands can be expected i n  meet ing f u t u r e  l e v e l s  o f  energy p roduc t i on?  
3. To what e x t e n t  w i l l  p r o j e c t e d  ene rgy - re l a ted  wate r  demands compete 
w i t h  e x i s t i n g  o r  a n t i c i p a t e d  wate r  demands f o r  o t h e r  uses? 
Answering these ques t ions  f o r  t h e  purposes o f  water  resources p l ann ing  r e -  
q u i r e s  t h e  a b i l i t y  t o  f o r e c a s t  wa te r  a l l o c a t i o n  and demand f o r  f u t u r e  l e v e l s  o f  
energy p roduc t i on .  Est imates o f  f u t u r e  ene rgy - re l a ted  water  demands serve  as t h e  
b a s i s  f o r  i d e n t i f y i n g  t h e  e x t e n t  t o  which inc reased  energy p roduc t i on  w i l l  compete 
w i t h  o t h e r  uses f o r  a v a i l a b l e  wa te r  s u p p l i e s  and f o r  recommending courses o f  
a c t i o n  t o  accotn~nodate new energy - re la ted  wate r  denlands a long w i t h  nonenergy water  
dernands. 
The need t o  make p r o j e c t i o n s  o f  ene rgy - re l a ted  wate r  demands has r e s u l t e d  i n  
t h e  development and a p p l i c a t i o n  of severa l  f o r e c a s t i n g  techniques t h a t  wa te r  resource  
p lanners  can use t o  e s t i m a t e  f u t u r e  needs. These techn iques t y p i c a l l y  f a l l  i n t o  
two c a t e g o r i  es : 
I .  techn iques t h a t  t a k e  a  "top-down" p e r s p e c t i v e  and f o r e c a s t  w a t e r  
demands as a  f u n c t i o n  o f  t h e  q u a n t i t y  o f  w a t e r  used p e r  u n i t  o f  a c t i v i t y  
and p r o j e c t i o n s  c f  p r o d u c t i o n  and consumpt ion a c t i v i t i e s  t h a t  a r e  
r e s p o n s i b l e  f o r  t h e  l e v e l  o f  wa te r  u s e s - - f o r  example, p o p u l a t i o n ,  i ndus -  
t r i a l  o u t p u t ,  and power g e n e r a t i o n  (Wollman and Bonem, 1971 ; and U.S.  
Water Resources Counci 1  , 1968 and 1974) 
2. techn iques  t h a t  v iew wa te r  use i n  a  more d isaggrega ted  c o n t e x t  and 
f o r e c a s t  wa te r  demands as a  f u n c t i o n  o f  t h e  u n d e r l y i n g  economic and 
t e c h n i c a l  r e l a t i o n s h i p s  which govern i t s  use i n  i n d i v i d u a l  p r o d u c t i o n  
and consumpt ion a c t i v i t i e s  
T h i s  second p e r s p e c t i v e  on f o r e c a s t i n g  wa te r  demands i s  t h e  b a s i s  f o r  t h e  approach 
taken  i n  t h e  p r e s e n t  s tudy .  
Techniques i n c l u d e d  i n  t h e  f i r s t  ca tegory ,  which has been l a b e l e d  t h e  " r e q u i r e -  I 
ments approach,"have been c r i t i c i z e d  f o r  n o t  p r o v i d i n g  a  framework which i n c o r p o r a t e s  
s y s t e m a t i c  r e l a t i o r ~ s h i p s  between economic and t e c h n i c a l  v a r i a b l e s  and t h e i r  
co r respond ing  i n f  1  uence on t h e  use o f  w a t e r  (Cootner  and (if, 1965; Thompson . 
e t  a l . ,  1971 ; Thompson and Young, 1973; Young and Thompson, 1973).  As i n d i c a t e d  i n  
s e v e r a l  p l a c e s  i n  t h e  1  i t e r a t u r e ,  r e 1  a t i o n s h i p s  o f  t h i s  k i n d  a r e  p a r t i c u l a r l y  impor-  
t a n t  i n  e x p l a i n i n g  w a t e r  use i n  energy p r o d u c t i o n .  For  example, Cootner  and idf 
(1 965) a n a l y z e  r e 1  a t i o n s h i  ps between t h e  de te rm inan ts  o f  thermal  e f f i c i e n c y  and 
c o o l i n g  w a t e r  demand i n  s t e a m - e l e c t r i c  power g e n e r a t i o n ;  Thompson and Young (1973) 
d e r i v e  r e l a t i o n s h i p s  between t h e  p r i c e s  o f  f u e l  , wate r ,  and thermal  d i scharges  and 
t h e  w i t h d r a w a l  demand f o r  wa te r  i n  power g e n e r a t i o n ;  and Young and Thompson (1973) 
assess t h e  r e l a t i o n s h i p  between t h e  de te rm inan ts  o f  t h e  o v e r a l l  demand f o r  e l e c -  
t r i c i t y  and w a t e r  use i n  power g e n e r a t i o n .  
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I n  a d d i t i o n ,  t h i s  k i n d  o f  i n f o r m a t i o n  w i l l  be  needed f o r  sma l l  w a t e r  resources  
p l a n n i n g  r e g i o n s  such as m u l t i c o u n t y  h y d r o l o g i c  b a s i n  r e g i o n s  where w a t e r  
r e s o u r c e  development p l  ans a r e  u l  t i m a t e l y  imp1 emented. 
The o b j e c t i v e s  o f  th:s s tudy  a r e :  
1 .  t o  deve lop  a  ma1;Pematical programming model o f  an energy p r o d u c t i o n  
system t h a t  i n c l  cdes a s s o c i a t e d  a1 t e r n a t i  ves f o r  s u p p l y i n g  w a t e r  
f o r  energy p r o d u c t i o n  
2.  t o  o b t a i n  s o l u t i o n s  f o r  t h e  model d e m o n s t r a t i n g  i t s  a b i l i t y  t o  
i d e n t i f y  optimum s p a t i a l  and tempora l  i n v e s t m e n t  s t r a t e g i e s  , o p e r a t i n g  
schedules,and co r respond ing  p a t t e r n s  o f  w a t e r  a l l o c a t i o n  and demand 
f o r  f u t u r e  l e v e l s  o f  energy p r o d u c t i o n  
3. t o  den ionst ra te  t h e  a b i l i t y  o f  t h e  model t o  e v a l u a t e  a l t e r n a t i v e  
p o l i c e s  f o r  s u p p l y i n g  w a t e r  f o r  energy p r o d u c t i o n  
I n  s a t i s f y i n g  t h e s e  o b j e c t i v e s ,  t h e  emphasis i s  on  t h e  development and r a t i o n a l e  
o f  a  methodology f o r  f o r e c a s t i n g  e n e r g y - r e l a t e d  wa te r  demands. Nominal d a t a  a r e  
used i n  d e m o n s t r a t i n g  t h e  m o d e l ' s  a b i l i t y  t o  genera te  i n f o r m a t i o n  abou t  f u t u r e  
e n e r g y - r e l a t e d  demands, and these  f o r e c a s t s  o n l y  s e r v e  t o  i l l u s t r a t e  p o s s i b l e  
t r e n d s  o f  w a t e r  use i n  energy p r o d u c t i o n .  
1.3 STUDY METHODS 
Study o b j e c t i v e s  were accompl i s h e d  by t h e  development o f  a  mu1 t i  p e r i o d ,  
m u l t i p l a n t  l i n e a r  programming model o f  an energy p r o d u c t i o n  system and a s s o c i a t e d  
w a t e r  supp ly  components. T h i s  model s i m u l t a n e o u s l y  a p p r a i s e s  a l t e r n a t i v e  expans ion 
s t r a t e g i e s  and o p e r a t i n g  schedules  f o r  s t e a m - e l e c t r i c  power g e n e r a t i o n  and c o a l  
g a s i f i c a t i o n  i n d u s t r i e s .  The model i d e n t i f i e s  t h e  t ype ,  s i z e ,  l o c a t i o n ,  and 
sequence o f  c o n s t r u c t i o n  o f  new energy p r o d u c t i o n  f a c i l i t i e s  and t h e  l e v e l s  o f  
energy p r o d u c t i o n  and t r a n s m i s s i o n  t h a t  m i n i m i z e  t h e  c o s t s  o f  mee t ing  demands f o r  
e l e c t r i c i t y  and gas o v e r  a  s p e c i f i e d  f u t u r e  t i m e  p e r i o d .  Fo r  each minimum-cost 
expansion s t r a t e g y  t h a t  i s  i d e n t i f i e d ,  t h e  model a l s o  determines corresponding 
i n f o r m a t i o n  about  t h e  amount, l o c a t i o n ,  and sequence w i t h  which water  w i l l  be 
used i n  f u t u r e  energy p roduc t ion .  T h i s  i n f o r m a t i o n  i s ,  i n  e f f e c t ,  a  s p a t i a l l y  
d i saggrega ted  f o r e c a s t  o f  t h e  a l l o c a t i o n  and demand f o r  ene rgy - re l a ted  uses o f  
water.  
The o b j e c t i v e  o f  t h e  model i s  t o  m in im ize  t h e  sum o f  c a p i t a l ,  opera t ing ,  
and t r ansm iss i on  cos t s  i n c u r r e d  i n  meet ing f u t u r e  demands f o r  e l e c t r i c i t y  and 
gas. Dec i s i on  v a r i a b l e s  i n  t h e  model i nc l ude :  cho ice  o f  nuc l ea r ,  c o a l - f i r e d ,  o r  
gas t u r b i n e  power gene ra t i ng  capac i t y ;  s i ze ,  l o c a t i o n ,  and sequence o f  a d d i t i o n s  
o f  new s t e a m - e l e c t r i c  and coal  g a s i f i c a t i o n  capac i t y ;  and t h e  amount and d i r e c t i o n  
of e l e c t r i c i t y  and gas p roduc t i on  and t ransmiss ion .  Op t im i za t i on  occurs  ove r  
severa l  t i m e  pe r i ods .  The model s e l e c t s  a  minimum-cost s e t  o f  l o c a t i o n s  f o r  new 
energy f a c i l i t i e s  f rom a  l a r g e r  s e t  o f  prescreened cand ida te  areas. Cons t ruc t i on  
o f  new s team-e lec t r i c  and coa l  g a s i f i c a t i o n  p l a n t s  takes  p l ace  w i t h i n  t h e  con tex t  
o f  an e x i s t i n g  s e t  o f  s p a t i a l l y  d i spersed  energy p roduc t i on  f a c i l i t i e s .  A l l  
p l a n t s  a r e  connected by a  network o f  h i g h  v o l t a q e  t r ansm iss i on  l i n e s  and gas 
p i p e l i n e s  t o  subs ta t i ons  and s p a t i a l l y  d i spe rsed  p o i n t s  o f  demand f o r  e l e c t r i c i t y  
and gas. S team-e lec t r i c  power p l a n t s  t h a t  were cons t ruc ted  p r i o r  t o  t h e  base 
yea r  o f  a n a l y s i s  a re  g r a d u a l l y  r e t i r e d  ove r  t h e  course o f  t h e  p l ann ing  hor i zon .  
Optimum a d d i t i o n s  o f  new genera t ing  capac i t y ,  t h e r e f o r e ,  i n c l u d e  a d d i t i o n s  re.- 
q u i r e d  t o  meet growing demands as we1 1  as a d d i t i o n s  r e q u i r e d  t o  r e p l a c e  r e t i r e d  
p l a n t s .  
The mode l ' s  s e l e c t i o n  o f  t h e  optimum s i z e ,  t ype ,  l o c a t i o n ,  and sequence of 
c o n s t r u c t i o n  o f  new energy p roduc t i on  f a c i l i t i e s  i s  i n f l u e n c e d  by wa te r  supp ly  
cons ide ra t i ons  i n  two ways. F i r s t ,  t h e  s i z e  and sequence o f  new a d d i t i o n s  t o  
c a p a c i t y  a r e  cons t ra i ned  by wa te r  ava i  1 a b i l  i ty f o r  energy p roduc t i on  a t  va r i ous  
points  within a  region. Each candidate  a rea  t h a t  t he  model eva lua tes  a s  a  lo-  
ca t ion  f o r  a  new energy production f a c i l i t y  must possess s u f f i c i e n t  su r face  water  
supp l i e s  from r i v e r  o r  potent ia l  r e s e r v o i r  sources t o  meet t h e  maximum gross  with- 
drawal requirements of  a t  l e a s t  one of t he  l a r g e  s c a l e  s t eam-e lec t r i c  o r  coal gas- 
i f i c a t i o n  p lants  considered in  the  s tudy.  Second, the  s e l e c t i o n  of a  loca t ion  f o r  
a  new energy production f a c i l i t y  i s  dependent on c a p i t a l  c o s t s ,  which include asso- 
c i a t e d  water procurement and u t i l  i z a t i o n  cos t s .  In p a r t i c u l a r  r e s e r v o i r  construc-  
t i o n  c o s t s ,  which a r e  s i t e - s p e c i f i c  in  t h e  model, have an important e f f e c t  on t h e  
economic v i a b i l i t y  of a  candidate  s i t e  f o r  a  new p lan t .  
The evalua t ions  provided by the  l i n e a r  programming model r ep resen t  optimized 
responses t o  a  regional  ob jec t ive  funct ion of l e a s t - c o s t  energy production. This  
formulation provides an indica t ion  of t h e  d i r e c t i o n  in which the  economic cos t s  of 
expansion, opera t ion  and transmission wi 11 encourage energy production t o  s h i f t .  
The r e s u l t s  of the  model must be cau t ious ly  i n t e r p r e t e d  because not  a l l  responses 
by energy producers wi l l  be toward minimizing t h e  c o s t s  of supply. For example, 
t h e  e x t e n t  t o  which energy producers may weigh t h e  importance of government sub- 
s i d i e s ,  environmental a e s t h e t i c s  o r  loca l  community impacts in  s i t i n g  new f a c i  1 i-. 
t i e s  i s  not  r e f l e c t e d  in  a  l e a s t - c o s t  so lu t ion .  
In a d d i t i o n ,  t h e  so lu t ion  of such a  l a r g e  s c a l e  opt imiza t ion  model can only 
be regarded a s  approximate. Implementation of t h i s  kind of model r equ i re s  many 
s impl i fy ing  physical and economic assumptions and, in  some i n s t a n c e s ,  t h e  use of 
crude es t imates  f o r  t h e  parameters of t h e  model. B u t  t h e  e s s e n t i a l  funct ion of 
t h e  present  model i s  t o  i d e n t i f y  general t r ends  in  energy system expansion and 
corresponding pa t t e rns  of water use. Once t h e  major f e a t u r e s  of t h e  f u t u r e  
energy production system have been blocked o u t ,  and once t h e  s e n s i t i v i t y  of ex- 
pansion s t r a t e g i e s  t o  various p o l i c i e s  a f f e c t i n g  a  major system component, e . g . ,  
water supply, has been e s t ab l i shed ,  then individual  expansion s t r a t e g i e s  can be 
examined i n  g r e a t e r  d e t a i  1  us ing  s i m u l a t i o n  models. 
1.4 SUMMARY TREATMENT AND INTERPRETATION OF STUDY RESULTS 
For  t h e  purpose of t h i s  s tudy,  t he  model was implemented us ing  t h e  s t a t e  of 
I l l i n o i s  as a  case-study reg ion .  Optimum s o l u t i o n s  and corresponding pa t t e rns  of 
water  demand and a1 l o c a t i o n  were determined f o r  two scenar io  p r o j e c t i o n s  o f  t h e  
l e v e l  o f  growth i n  t h e  demand f o r  e l e c t r i c i t y  and gas. Scenar io  I assumes t h a t  
t h e  dernand f o r  e l e c t r i c i t y  w i l l  i nc rease  a t  an average annual r a t e  o f  3.0 percent ,  
and scenar io  I 1  assumes t h e  demand f o r  e l e c t r i c i t y  w i l l  i nc rease  a t  a  r a t e  of 5.0 
percent .  Both scenar ios assume the  demand f o r  gas w i l l  i nc rease  by 1.0 percent  
and t h e  supply  o f  n a t u r a l  gas e n t e r i n g  t h e  s t a t e  w i l l  d e c l i n e  a t  a  r a t e  of 4 .0 .  
percent .  For each scenario,  1  eas t -cos t  expansion s t r a t e g i e s  and corresponding 
energy- re la ted  water  demands were determined f o r  e l e c t r i c i t y  and gas consumption 
l e v e l s  p r o j e c t e d  f o r  t h e  e a r l y  19801s, 1990 ts ,  and 2000's.  F i n a l l y ,  t h e  sens i -  
t i v i t y  o f  op t ima l  s o l u t i o n s  and pa t t e rns  o f  water  use was examined f o r  two p o l i c i e s  
rega rd ing  t h e  a v a i l a b i l i t y  o f  water  f o r  energy f rom r i v e r s .  
A p o r t i o n  of t h e  in fo rmat ion  de r i ved  f rom t h e  optimum s o l u t i o n  f o r  scenar io  
I i s  summarized i n  Table 1.1 as a  p r o j e c t i o n  o f  wa te r  u t i l i z a t i o n  by s team-e lec t r i c  
power p l a n t s  i n  I l l i n o i s .  Th is  p r o j e c t i o n  serves t o  i l l u s t r a t e  some o f  t h e  tem- 
po ra l  and s p a t i a l  t rends  i n  wate r  use f o r  power genera t ion  t h a t  were i n d i c a t e d  by 
t h i s  p a r t i c u l a r  a p p l i c a t i o n  o f  t h e  model. The l e a s t - c o s t  expansion s t r a t e g i e s  
and corresponding p a t t e r n s  o f  energy- re la ted  wate r  demands f o r  a l l  o f  t h e  scenar ios 
a r e  discussed i n  g r e a t e r  d e t a i l  i n  Sec t ion  111. 
I n  Table 1.1, t o t a l  p r o j e c t e d  wi thdrawal  and consumptive uses a re  presented 
f o r  each o f  e i g h t  hyd ro log i c  bas in  reg ions  i n  I l l i n o i s .  These reg ions  have been 
es tab l i shed  f o r  t he  purposes o f  r eg iona l  wa te r  resources p lanning,  and t hey  a re  
U u 
PIP 
P P 
N N 
A A 
" " 
PIP 
P P 
N N 
0 
0 
s 
ZLnw 
oc- 
33- 
n 
w 
n 
rt 
c 
U 
I 
6 
HYDROLOGIC BASINS 
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7 Wabash R i ve r  
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Figure 1.1. Major multicounty hydrologic basins in I l l i n o i s .  
approx imate ly  concomi tant  w i t h  watershed boundaries f o r  ma jo r  r i v e r  systems i n  t h e  
s t a t e  (F igu re  1.1) .  The reg iona l  t o t a . 1 ~  a re  aggregated es t imates  of wa te r  use 
f o r  e x i s t i n g  (see Table 3.1) and new power p l an t s .  S i m i l a r  p r o j e c t i o n s  can be 
made f o r  t h e  o t h e r  scenar ios examined i n  t h i s  s tudy  by f i r s t  s u b t r a c t i n g  f rom the  
f i g u r e s  i n  Table 1.1 t h e  ccr~nulat ive t o t a l  w i thdrawa ls  f o r  new power p l a n t s  f o r  
scenar io  I (see Table 3.6) and then adding t he  remainder t o  cumulat ive t o t a l  w i t h -  
drawals f o r  new power p l a n t s  f o r  any o f  t h e  o t h e r  scenar ios (see Tables 3.7, 3.11, 
o r  3.12) 
The p r o j e c t i o n  of water  use by new p l a n t s  was de r i ved  from an optimum expansion 
s t r a t e g y  f o r  adding new s team-e lec t r i c  power genera t ing  c a p a c i t y  (Tab le  1 .2 )  as 
determined by t h e  model. The p r o j e c t i o n  o f  f u t u r e  water  use by p l a n t s  c u r r e n t l y  
i n  ex i s tence  was developed by app l y i ng  a  p l a n t  r e t i r e m e n t  schedule t o  present  
r a t e s  of water  u t i l i z a t i o r ~  by e x i s t i n g  p l a n t s .  The r e t i r e m e n t  schedule assumes 
t h a t  a1 1  p l a n t s  i n  ex i s tence  i n  1973 have ope ra t i ng  1  i f e t i m e s  o f  30 years o r  l e s s  
and w i l l  be r e t i r e d  by t h e  end o f  t h e  p e r i o d  o f  analys is ,which has been nom ina l l y  
s e t  a t  t h e  e a r l y  2000 's .  
The p r o j e c t i o n  i n  Table 1.1 i n d i c a t e s  t h a t  gross w i thdrawa ls  of  water  f o r  
s t e a m - e l e c t r i c  power genera t ion  w i l l  d e c l i n e  measurably d u r i n g  t h e  nex t  30 years  
even though i n s t a l l e d  s team-e lec t r i c  power genera t ing  c a p a c i t y  w i l l  more than  
double d u r i n g  t he  same pe r i od .  The p r o j e c t e d  d e c l i n e  r e f l e c t s  t h e  temporal impact  
of  two changes i n  t h e  use o f  water  i n  steam power gene ra t i on  which have been i n -  
co rpora ted  i n t o  t h i s  ana l ys i s :  ( 1  ) t h e  i n s t a l l a t i o n  o f  evapo ra t i ve  cool  i n g  systems 
on a1 1  new steam p l a n t s  i n  o r d e r  t o  meet thermal p o l l u t i o n  standards and ( 2 )  t h e  
phased-ret i rement  o f  e x i s t i n g  p l a n t s  t h a t  use once-through c o o l i n g .  Increases i n  
thermal e f f i c i e n c y  wi 11 a l s o  reduce w i thdrawa l  demands i n  new p l a n t s ,  b u t  because 
o f  phys i ca l  l i m i t a t i o n s  i n  t h e  steam c y c l e ,  t he  impact o f  t h i s  change on water  use 
wi 11 be much l e s s  pronounced than e l  i m i  n a t i o n  o f  once-through cool  i ng. 
Table 1.2. P r o j e c t i o n  o f  Steam-Elect r ic  Power Generat ing Capaci ty  w i t h i n  Major  Hydro log ic  Basins 
i n  I 1  1 i n o i s  Assuming E l e c t r i c i t y    em and' Growth Rates o f  Scenario I 
(megawatts) 
Major  Hyd ro log i c  
Bas in 
1973 (ac tua l  ) E a r l y  1980's E a r l y  1990 's  E a r l y  2000's 
TOTAL STATE: 
E x i s t i n g  P lan t s  
New P lan t s  
With r e s p e c t  t o  t h e  r e t i r e m e n t  of e x i s t i n g  p l a n t s ,  t h e  p r o j e c t i o n  o f  w i t h -  
drawals  f o r  t h e  e a r l y  2000 's  rr~ust be cons idered as a  l owe r  l i m i t  f o r  t h e  s t a t e d  
r a t e  o f  growth i n  e l e c t r i c i t y  demand. Ret i rements  o f  e x i s t i n g  p l a n t s  may occur  
l e s s  r a p i d l y  than  assumed f o r  t h i s  a n a l y s i s .  I n  a d d i t i o n ,  changes o r  va r iances  
i n  t h e  enforcement o f  t h e  Federal  Water P o l l u t i o n  Con t ro l  Ac t  o f  1972, P.L. 92-500, 
may p e r m i t  s e l e c t i v e  use of once-through c o o l i n g  a t  some new p l a n t s  and f u r t h e r  
i nc rease  gross w i thd rawa ls .  These comments app l y  t o  a l l  p r o j e c t i o n s  o f  wa te r  w i t h -  
drawals  and consumption con ta ined  i n  t h i s  r e p o r t .  
The t r e n d  away f rom once-through c o o l i n g  and toward widespread use o f  evapo- 
r a t i v e  c o o l i n g  systems i s  a l r eady  under way and w i l l  become i n c r e a s i n g l y  e v i d e n t  
i n  I l l i n o i s  i n  t h e  l a t e  1980 's .  A l though r e p o r t e d  w i thdrawa ls  f o r  power genera- 
t i o n  inc reased  s u b s t a n t i a l l y  i n  I l l i n o i s  i n  t h e  e a r l y  19701s ,  t h e  r a t e  a t  which 
w i thd rawa ls  inc reased  was l e s s  than  t h e  r a t e  o f  growth i n  i n s t a l l e d  c a p a c i t y  
(Tab le  1.3).  Most o f  t h i s  i nc rease  i n  w i thd rawa ls  can be accounted f o r  by  t h e  
s t a r t u p  o f  t h r e e  l a r g e  n u c l e a r  p l a n t s ,  Dresden, 1971 , Quad C i t i e s ,  1972, and Z ion,  
1973-74, whose coo l  i n g  systems a r e  p redomina te ly  once-through. However, because 
o f  e f f l u e n t  s tandards on thermal  d ischarges,  t h i s  t r e n d  w i l l  n o t  con t i nue  as v i r - ,  
t u a l l y  a l l  new p l a n t s  under c o n s t r u c t i o n  o r  i n  t h e  p l a r ~ n i r ~ g  stages i n  I l l i n o i s  
w i l l  u t i l  i z e  coo l  i n g  ponds, coo l  i n g  towers,  o r  coo l  i n g  lakes .  
I f  i n s t a l l e d  c a p a c i t y  inc reases  and w i thdrawa ls  d e c l i n e ,  t h e  consumptive use 
o f  wa te r  f o r  power gene ra t i on  must n e c e s s a r i l y  i nc rease .  Us ing s m a l l e r  q u a n t i t i e s  
o f  wa te r  t o  d i s s i p a t e  t h e  same amount o f  hea t  r e q u i r e s  g r e a t e r  hea t  l o s s  th rough  
evapora t ion .  T h i s  i s  borne o u t  i n  t h e  p r o j e c t i o n  o f  t h e  consumptive use o f  wa te r  
by s t e a m - e l e c t r i c  p l a n t s  (Tab le  1  . I ) ,  which inc reases  s t e a d i l y  and i n  t h e  e a r l y  
2000 's  i s  about 7.0 t imes  g r e a t e r  than  t h e  es t imated  1973 l e v e l .  

It i s  u s e f u l  t o  compare a  p r e v i o u s  p r o j e c t i o n  o f  w i t h d r a w a l s  f o r  steam- 
e l e c t r i c  power g e n e r a t i o n  i n  I 1  1  i n o i s  ( I 1  1  i n o i s  Techn ica l  A d v i s o r y  C o u n c i l ,  1967) 
w i t h  f o r e c a s t e d  t o t a l  w i t h d r a w a l s  f o r  t h e  two g rowth  s c e n a r i o s  examined i n  t h i s  
s t u d y  (Tab1 e  1 . 4 ) .  The I 1  1  i n o i s  Techn ica l  A d v i s o r y  Counci 1  (ITAC) p r o j e c t i o n  was 
made p r i o r  t o  t h e  imp lementa t ion  o f  s tandards  on thermal  d i sc t -~a rges ,  and i t  assumes 
a  4.2 p e r c e n t  r a t e  o f  g rowth  i n  t h e  demand f o r  e l e c t r i c i t y .  The p r o j e c t i o n s  i n  
t h e  c u r r e n t  s t u d y  assume deniarld g rowth  r a t e s  o f  3.0 and 5.0 p e r c e n t  f o r  s c e n a r i o  
I and s c e n a r i o  11, r e s p e c t i v e l y .  The d i f f e r e n c e  between t h e  ITAC p r o j e c t i o n  and 
t h e  c u r r e n t  s t u d y  p r o j e c t i o n s ,  t h e r e f o r e ,  i s  due p r i r r l a r i l y  t o  t h e  d i f f e r e n t  assurrlp- 
t i o r ~ s  t h a t  were rrlade r e g a r d i n g  t h e  n a t u r e  and e x t e n t  o f  f u t u r e  use o f  e v a p o r a t i v e  
c o o l i n g  systems on power p l a n t s .  The d i f f e r e n c e  i n  t h e  two p r o j e c t i o n s  i l l u s t r a t e s  
one o f  t h e  p o t e n t i a l  impacts  t h a t  t h e  Federa l  Water P o l l u t i o n  C o n t r o l  A c t  Amend- 
ments o f  1972 (P.L. 92-500) may have on f u t u r e  e n e r g y - r e l a t e d  w a t e r  demands. 
S p a t i a l l y ,  t h e  p r o j e c t i o n  i n  Tab le  1 .1  i n d i c a t e s  t h a t  t h e  demand a r ~ d  a l l o c a -  
t i o n  of  w a t e r  f o r  power g e n e r a t i o n  w i l l  becorrle more e v e n l y  d i s t r i b u t e d  w i t h i n  
I l l i n o i s  i n  t h e  n e x t  30 y e a r s .  The p r o j e c t e d  d i s p e r s a l  o f  e n e r g y - r e l a t e d  w a t e r  
derrlands r e f 1  e c t s  s e v e r a l  econorrlic a s s u ~ ~ ~ p t i o r ~ s  wh ich  have been embodied i n  t h e  
a n a l y s i s .  These i n c l u d e :  ( 1  ) a  c o r ~ t i n u a t i o r ~  o f  t h e  p r e s e n t  r e l a t i v e  ecor~omic 
advantages o f  c o n s t r u c t i n g  and o p e r a t i n g  n u c l e a r  power p l a n t s  a t  s i t e s  t h a t  a r e  
c l o s e r  t o  l o a d  c e n t e r s  t h a n  mine-mouth s i t e s  f o r  c o a l  - f i r e d  p l a n t s ;  ( 2 )  a  r e l a t i v e  
c o s t  advantage i n  t ransrni  t t i n g  power versus t r a n s p o r t i n g  c o a l  and/or  w a t e r ;  and ( 3 )  
a  phased- re t i remen t  and d i s c o n t i n u a t i o n  o f  t h e  use o f  e x i s t i n g  s t e a r n - e l e c t r i c  
power p l a n t  s i t e s .  
I n  t h i s  r e g a r d ,  t h e  p r o j e c t e d  s p a t i a l  p a t t e r n  o f  w i t h d r a w a l s  f o r  t h e  e a r l y  
2000 's  p r o b a b l y  i s  an upper l i m i t  on t h e  degree o f  d i s p e r s i o n  t h a t  can be expected.  
Table 1.4. Comparison of Projections of Water Withdrawals for 
Steam-Electric Power Generation in Illinois 
Illinois Technical Advisory 
Committee Projection Current Study Projections 
Year Withdrawals Power Generation 
(cfs) (lo6 Mwh) 
Early 
2000's 1,442 2,416 209 372 
Year Withdrawals Power Generation 
(cfs) (1 o6 Mwh) 
1973 --- 17 ,47ga 
(actual ) 
1980 48,174~ 1 1 8 ~  
a~ederal Power Commission (1 976a). 
b ~ l  1 inois Technical Advisory Committee (1 967). 
'1nterpolated from estimates for 1980 and 2020. 
Scenario Scenario 
I I I I I I 
Early 
1980's 17,304 17,500 116 140 
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F i n a l l y ,  T a b l e  1.5 c o n t a i n s  a  p r o j e c t i o n  o f  g r o s s  w i t h d r a w a l s  f o r  b o t h  steam- 
e l e c t r i c  power p l a n t s  and coa l  g a s i f i c a t i o n  p l a n t s .  W i thd rawa ls  f o r  c o a l  g a s i f i c a -  
t i o n  i n c l u d e  w a t e r  used f o r  c o o l i n g  purposes and w a t e r  used as a  m a t e r i a l  i n p u t  
i n  t h e  g a s i f i c a t i o n  process.  The p r o j e c t i o n  o f  w a t e r  use f o r  c o a l  g a s i f i c a t i o n  
was d e r i v e d  f r o m  t h e  same o p t i m a l  expans ion s t r a t e g y  t h a t  was used i n  making t h e  
e s t i m a t e s  i n  T a b l e  1.1. The a d d i t i o n a l  e n e r g y - r e l a t e d  demands f o r  c o a l  g a s i f i c a -  
t i o n  a1 one can be corrlputed by  s u b t r a c t i n g  w i t h d r a w a l s  i n  T a b l e  1 .1  f r o m  w i t h d r a w a l s  
i n  T a b l e  1.5. 
The p r o j e c t i o n  i n d i c a t e s  t h a t  t h e  a d d i t i o n a l  impac t  on energy- re1 a t e d  wa te r  
demands r e s u l t i n g  from t h e  development o f  a  c o a l  g a s i f i c a t i o n  i n d u s t r y  may be 
v e r y  l a r g e .  Meet ing t h e  p r o j e c t e d  s u p p l y  d e f i c i t  f o r  n a t u r a l  gas, wh ich was as- 
sumed t o  be t h e  same f o r  a l l  s c e n a r i o s ,  would r e q u i r e  t h e  c o n s t r u c t i o n  o f  n e a r l y  
15 f u l l - s i z e d  (250MM s c f d )  coa l  g a s i f i c a t i o n  p l a n t s  around t h e  s t a t e  by  t h e  e a r l y  
2000 's .  Under t h e  assumpt ions o f  t h i s  s tudy ,  t h e s e  p l a n t s  would i n c r e a s e  energy- 
r e 1  a t e d  w a t e r  w i t h d r a w a l s  by  about  50 p e r c e n t  o v e r  t h e  p r o j e c t e d  w i t h d r a w a l s  f o r  
steam-el e c t r i c  g e n e r a t i o n  f o r  s c e n a r i o  I. The rrlodel p r o j e c t s  w a t e r  demands f o r  
c o a l  g a s i f i c a t i o n  t o  i n c r e a s e  t o t a l  e n e r g y - r e l a t e d  w a t e r  demands s u b s t a n t i a l l y  i n  
t h e  c o a l  r i c h  areas o f  sou the rn  I l l i n o i s  ( h y d n o l o g i c  r e g i o n s  6 and 7  i n  F i g u r e  
1 . 1 ) .  
The p r o j e c t i o n  o f  g ross  w a t e r  w i t h d r a w a l s  f o r  c o a l  g a s i f i c a t i o n  must be r e -  
garded as b e i n g  on t h e  h i g h  s i d e  f o r  s e v e r a l  reasons.  F i r s t ,  t h e  i n i t i a l  deve lop-  
rrlent o f  t h e  g a s i f i c a t i o n  i n d u s t r y  occurs  i n  t h e  1 9 8 0 ' s  i n  t h e  model. Recent t e c h -  
n i c a l  d i f f i c u l t i e s  exper ienced  w i t h  t h e  prob lem o f  g a s i f y i n g  " c a k i n g "  c o a l s  
( I l l i n o i s  c o a l s  "cake" o r  agg lomerate  when heated)  p o i n t  t o  t h e  e a r l y  1990 's  
b e f o r e  a  commercially f e a s i b l e  c o a l  g a s i f i c a t i o n  process w i l l  be a v a i l a b l e  f o r  
I 1  1  i n o i s  c o a l  ( C a r t e r ,  1977).  Second, t h e  assumed w a t e r  requ i rements  f o r  t h e  
Table 1.5.  P r o j e c t i o n  o f  Gross Withdrawals by S team-E lec t r i c  Power P lan t s  and Coal G a s i f i c a t i o n  
P l a n t s  w i t h i n  Major  Hydro log ic  Basins i n  I l l i n o i s  Assuming Energy Demand Growth 
Rates o f  Scenar io  I 
( c f s )  
Major Hydro1 o g i c  1973 (ac tua l  ) E a r l y  1980 's  E a r l y  1990 's  E a r l y  2000 's  
Bas in 
TOTAL STATE: 
E x i s t i n g  P l a n t s  
New P lan t s  
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The t e c h n i c a l  and economic i n t e r a c t i o n s  between o p e r a t i n g  and expansion 
v a r i a b l e s  i n  energy p roduc t i on  a re  ve ry  complex. These complex i n t e r a c t i o n s  occur  
f o r  a  number o f  reasons which can b e s t  be exp la ined  by us i ng  t h e  e l e c t r i c  power 
i n d u s t r y  as an example. F i r s t ,  f o r  l a r g e ,  i n t e g r a t e d  e l e c t r i c  power systems, 
o p e r a t i n g  dec i s i ons  a r e  dependent on t h e  number, s i z e ,  l o c a t i o n ,  and o p e r a t i n g  
cos t s  f o r  an e x i s t i n g  s e t  o f  p l a n t s .  The l e a s t - c o s t  l e v e l  o f  o p e r a t i o n  i s  achieved 
by connec t ing  power p l a n t s  t o  t h e  l o a d  i n  a  sequence t h a t  min imizes t o t a l  ope ra t -  
i n g  and t r ansm iss i on  cos t s .  Large economic nuc lea r  o r  f o s s i l  baseload p l a n t s  a r e  
connected f i r s t ;  f o s s i l  p l a n t s  w i t h  h i ghe r  o p e r a t i n g  cos t s  a r e  connected as t h e  
l o a d  inc reases ;  f i n a l  l y ,  gas t u r b i n e s  w i t h  r e l a t i v e l y  h i g h  o p e r a t i n g  cos t s  a r e  
connected f o r  t h e  peak loads.  
Second, investment  d e c i s i o n  v a r i a b l e s  f o r  a  power system i n t e r a c t  s t r o n g l y  
w i t h  o p e r a t i n g  v a r i a b l e s  a t  a  p o i n t  i n  t i m e  and over  t ime .  Because o f  t h e  com- 
p lementary  f u n c t i o n s  o f  t h e  d i f f e r e n t  types o f  p l a n t s ,  t h e  opt in ia l  ba lance o f  
p l a n t  types i n  a  system a t  a  p o i n t  i n  t i m e  depends on bo th  t h e  r e l a t i v e  c a p i t a l  
and o p e r a t i n g  cos t s  o f  a l t e r n a t i v e  p l a n t  t ypes .  Furthermore, dec i s i ons  t o  add 
new p l a n t s  a r e  made w i t h i n  t h e  c o n t e x t  o f  an i n h e r i t e d  s e t  of p l a n t s  which have 
expected o p e r a t i n g  l i f e t i m e s  and c h a r a c t e r i s t i c s .  
The f a c t  t h a t  t h e  expansion o f  an e l e c t r i c  u t i l i t y  system takes p l ace  w i t h i n  
t h e  c o n t e x t  o f  an e x i s t i n g  network o f  p l a n t s ,  t r ansm iss i on  l i n e s ,  and l oad  cen te r s  
has an impo r tan t  bea r i ng  on s i t e  s e l e c t i o n  and t h e  r e s u l t i n g  s p a t i a l  and temporal  
p a t t e r n s  o f  wa te r  u t i l i z a t i o n  f o r  severa l  reasons. F i r s t ,  o f  t h e  s i t e s  w i t h  s u f -  
f i c i e n t  wa te r  a v a i l a b i l i t y ,  those s i t e s  t h a t  a r e  l o c a t e d  near e x i s t i n g  l oad  cen te rs  
o r  a long  e x i s t i n g  t r ansm iss i on  l i n e  r igh t -o f -ways  may be economic t o  develop. Second, 
two o r  more u t i l i t i e s  may develop a s i t e  jo in t ly  in order t o  take advantage of 
economies of sca le  ernbodied in large  un i t s .  Third, older plants located a t  urban 
s i t e s  a r e  being re t i red  and replaced by large ,  new baseload plants t ha t  a re  located 
in rural  areas for  safe ty  and environmental reasons. 
Because of these complex in te rac t ions ,  engineers, economists, and operations 
researchers have used mathematical programming models t o  appraise the  economic 
t radeoffs  associated with various expansion a l t e rna t ives  fo r  the  e l e c t r i c  
u t i l i t y  industry. Linear programming was f i r s t  applied t o  minimizing investment 
costs  fo r  the  French e l e c t r i c  u t i l i t y  system in the  ear ly  1950's ( ~ a s s 6  and 
Gibrat ,  1957). Similar  appl ica t ions  of 1 inear programming have a1 so been made 
f o r  the  e l e c t r i c  u t i l i t y  systems in several other countries including Great 
Britain (Berr ie ,  1968) and Turkey (Anderson, 1972a). The basic 1 i  near program- 
ming forrnulation of the  e l e c t r i c  u t i l  i t y  expansion problem has been extended t o  
include retirement of obsolete equipment and approximate transmission l i n e  connec- 
t ions  (Anderson, 1972b). In addit ion,  the problem has been formulated in a 
variety of other mathematical programming modes incl uding in teger  programming 
(Gately, 1970) ; dynamic programming (Braun and Cady, 1973) ; 1 inear  programming 
with simulation (Farrar  and Woodruff, 1973) ; and dynamic programming with simula- 
t ion (Jenkins and Joy, 1974). 
2.2 MODEL FORMIJLATION 
2.2.1 Global Models 
Given the  r e l a t i v e  importance of water-use considerations within the context 
of e l e c t r i c  u t i l i t y  planning, and given the extensive background of applications 
of optimization analysis  t o  u t i l i t y  operation and expansion, i t  was decided t o  model 
t h e  de te rminan ts  o f  energy - re la ted  water  demands w i t h i n  t h e  c o n t e x t  o f  a  m u l t i -  
pe r i od ,  m u l t i p l a n t ,  l i n e a r  programming, c a p a c i t y  expansion model o f  an 
i n t e g r a t e d  energy p roduc t ion ,  t ransmiss ion,and wate r  resources supp ly  system. 
Because o f  t h e  coun t less  economic-engineer ing problems encountered i n  t h e  growth 
and expansion o f  an energy p roduc t i on  system, t h e  t ype  o f  model t h a t  i s  f o rmu la ted  
below i s  designed t o  g i v e  o n l y  approximate s o l u t i o n s  t o  systems p l ann ing  problems. 
Th i s  k i n d  o f  model, which Anderson (1972b) has c a l l e d  a  "g l oba l  " model, p rov ides  
a  " f i r s t  c u t "  a n a l y s i s  o f  how many and what types o f  p l a n t s  t o  b u i l d  and app rox i -  
ma te l y  when and where t o  b u i l d  them. A  g l o b a l  model does n o t  cons ide r  t h e  s p e c i f i c  
d e t a i l s  o f  p l a n t  des ign  and s i t i n g ;  these  d e t a i l s  a r e  h i g h l y  t e c h n i c a l  and can o n l y  
be reso l ved  a f t e r  some o f  t h e  b a s i c  f e a t u r e s  o f  t h e  f u t u r e  energy p roduc t i on  system 
have been i d e n t i f i e d .  
The g l o b a l  model f o rmu la ted  f o r  t h i s  s tudy  a l s o  p rov ides  s i m i l a r  k inds  o f  
approx imate i n f o r m a t i o n  concern ing t h e  s i z e ,  type,  loca t ion ,and  t i m i n g  o f  energy- 
r e l a t e d  wate r  demands. A l though t h i s  i n f o r m a t i o n  i s  "approximate" compared t o  t h e  
es t imates  o f  water  use t h a t  would be needed i n  app l y i ng  f o r  a  c o n s t r u c t i o n  p e r m i t  
o r  p repa r i ng  an environmental  impact  s ta tement  f o r  a  s p e c i f i c  p l a n t ,  i t  i s ,  never-  
t h e l e s s ,  much more d e t a i l e d  than  t h e  aggregate r e g i o n a l  es t imates  con ta ined  i n ,  
f o r  example, t h e  Water Resources Counci l  1968 and 1974 s tud ies .  The g l o b a l  model 
presented below can be used t o  p r o v i d e  an i n d i c a t i o n  o f  where - -w i th in  a  mu1 t i c o u n t y  
hydro1 o g i c  b a s i n  r e g i  on - -spec ia l  measures may be needed t o  accommodate energy- 
r e l a t e d  wate r  demands a long  w i t h  nonenergy wate r  uses. 
2.2.2 The Problern o f  Vl in i rn iz ing t h e  Costs o f  S u p p l y i r ~ g  E l e c t r i c i t y  and -- Gas 
The problem o f  supp l y i ng  e l e c t r i c i t y  and gas a t  1  eas t  c o s t  has t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s .  . A t  any rnoment i n  t ime,  r e g i o n a l  e l e c t r i c  and gas u t i l i t y  systems 
c o n s i s t i n g  o f  one o r  rnore a d j o i n i n g  e l e c t r i c  and gas u t i l i t y  s e r v i c e  areas can 
be regarded as a  s e t  of  genera t ing  s t a t i o n s  and gas p l a n t s  which a r e  connected 
t o  subs ta t i ons  and t o  l o a d  cen te rs  through a  network o f  h i gh  v o l t a g e  t r ansm iss ion  
1  i n e s  and gas p ipe1 ines .  A t  some i n i t i a l  t ime  per iod ,  t = 1, t h e  number, l o c a t i o n ,  
fue l  t ype  and p roduc t i on  c h a r a c t e r i s t i c s  a r e  s p e c i f i e d  f o r  a l l  p l a n t s  i n  t h e  
system. Each p l a n t  has a  f i x e d  c a p a c i t y  which l i m i t s  t i l e  amount o f  e l e c t r i c i t y  
o r  gas t h a t  i t  can produce a t  any i n s t a n t ;  these c a p a c i t i e s  a r e  a l s o  s p e c i f i e d  i n  
t h e  i n i t i a l  t ime  per iod .  The t r ansm iss ion  and p i p e l i n e  c a p a c i t i e s  and t h e  t r a n s -  
m iss i on  losses  o f  energy between p l 'ants ,  subs ta t i ons ,  and demand cen te rs  a r e  
known f o r  t h e  i n i t i a l  t ime  pe r i od ,  as a r e  t h e  u n i t  cos t s  o f  produc ing e l e c t r i c i t y  
and gas and t r a n s p o r t i n g  them t o  market.  
W i t h i n  each t ime  per iod ,  power p l a n t s  must generate s u f f i c i e n t  power (megawatts) 1 1 
t o  meet known 1  eve1 s  o f  ins tantaneous power dernands (baseload, i n t e rmed ia te  load ,  
and peak l o a d )  a t  each r e g i o n a l  l o a d  cen te r .  For  each t ime  per iod ,  e l e c t r i c  and 1 
gas p l a n t s  must a1 so produce s u f f i c i e n t  energy (megawatt-hours o r  therms) t o  meet I 
known energy demands a t  each r e g i o n a l  l o a d  cen te r .  i 
As power and energy demands change f rom one t ime  p e r i o d  t o  t h e  next ,  
t = 1  , 2, . . . , new p l a n t s  must be added t o  t h e  system i n  o r d e r  t o  meet inc reased  1 
demands and t o  r e p l a c e  r e t i r e m e n t s  o f  obso le te  equipment. I f  u n i t  cos ts  f o r  making 
new a d d i t i o n s  t o  c a p a c i t y  can be s p e c i f i e d ,  then op t ima l  s i t e s  f o r  new p l a n t s  
can be se lec ted  f rom a  s e t  o f  cand ida te  s i t e s  by rninirr l iz ing t h e  t o t a l  cos t s  o f  con- 1 j 
s t r u c t i n g  p l a n t s  and i n s t a l  1  i n g  t r ansm iss ion  f a c i l  i t i e s  f rom new p l a r l t  s i t e s  t o  
demand cen te rs .  1 
Given these specifications we wish to formulate a model which accounts for 
the interaction between spat ial ly  and temporally separated sources of energy 
supply and centers of energy demand. In part icular ,  we wish to formulate a 
model that can be used to ascertain the present and future locations of power 
plants and coal gasification plants, the levels and directions of bu l  k power gen 
eration and transmission, and the levels and directions of gas production and 
transmission that wi 11  minimize total construction, production, and transmission 
costs for regionally integrated electrical and gas u t i l i t y  systems. 
2 .2 .3  Notation 
The following notation i s  used to define the mu1 t iperiod, mu1 t i  plant,  
l inear programming model described above. Let: 
t denote discrete time periods within the planning horizon; t = 1 ,  ..., T .  
6 denote energy production from the a t h  power f ac i l i ty  (for  example, nuclear 
base load, fossil  base load, fossil  intermediate load, or peak load 
generating s tat ion)  or coal gasification faci l  i t y ;  6 = 1 , .  . . ,D. 
r denote energy transmission through the r th  type system, for  example, 
high voltage transrnissiorl 1 irles or gas pipe1 ines . 
K denote the icth  type of cool ing technique; K = 1 , .  . . ,K. 
v denote energy commodities, e lec t r ic i ty  and' gas; v = 1 ,... ,N. 
v denote the vintage of each type of energy production and transmission 
equipment; v = - t , . . . , T .  
i denote the location of the origin of energy transmission, which may be a 
power'plant, coal gasification plant, or a substation; i = 1 , .  . . , I .  
j denote t h e  l o c a t i o n  of t h e  d e s t i n a t i o n  o f  energy t ransmiss ion ,  which 
may be a  s u b s t a t i o n  s to rage  area o r  demand p o i n t ;  j = 1  ,. . . , J .  
k  denote f o r  e l e c t r i c i t y  t h e  d i f f e r e n t  ins tantaneous l e v e l s  o f  power 
demand, base load ,  i n t e rmed ia te  load ,  and peak l o a d  1  evel  s  , w i t h i n  each 
tth t ime pe r i od ;  K = 1  ,. . . ,K. (The k  s u b s c r i p t  i s  o n l y  a p p l i c a b l e  f o r  
e l e c t r i c i t y .  ) 
S l V  denote t h e  l e v e l  o f  p roduc t i on  and t ransmiss ion  o f  t h e  vth energy 
Xtvijk commodity a t  l o c a t i o n  i us ing  t h e  Sth p roduc t i on  f a c i l i t y  and sh ipp ing  
from i t o  j us ing  t h e  rth t ransm iss ion  system. 
v  
r 
' t v i j k  denote t h e  1  eve l  of t ransmiss ion  o f  t h e  vth energy commodity f rom i 
t o  j us ing  t h e  rth t ransmiss ion  system. 
6 TV  
' t v i  j k  denote t h e  u n i t  cos ts  of  produc ing t he  vth energy commodity us ing  the  
S t h  t ype  f a c i l i t y  a t  l o c a t i o n  i and sh ipp ing  i t  t o  j v i a  t h e  T t h  
t r ansm iss io r~  sys tem. 
v  
cr t v i  j k  denote t he  u n i t  t ransmiss ion  cos ts  f o r  sh ipp ing  t he  vth energy commodity 
f rom i t o  j using t h e  rth t ransmiss ion  system. 
S V  
'vi denote t he  v a r i a b l e  q u a n t i t y  of t h e  6th t ype  o f  capac i t y  f o r  produc ing 
v  t h a t  can be added a t  l o c a t i o n  i. 
v 
r 
'vi j denote t h e  v a r i a b l e  q u a n t i t y  of t h e  rth t ype  o f  c a p a c i t y  f o r  t r a n s m i t t i n g  
v  t h a t  can be added between i and j. 
" denote t h e  u n i t  c a p i t a l  cos t  o f  t he  Sth  t ype  o f  energy p roduc t i on  c a p a c i t y  
'vi 
cons t ruc ted  a t  l o c a t i o n  i. 
v 
r 
'v i  j denote t he  u n i t  c a p i t a l  c o s t  of t h e  rth type  of energy t ransmiss ion  capac i t y  
cons t ruc ted  between i and j. 
~ ; j  k denote t h e  l e v e l  o f  t h e  kth ins tantaneous demand f o r  power i n  megawatts 
a t  t h e  jth l o a d  cen te r .  
denote t h e  consumption o f  t h e  vth energy commodity a t  l o c a t i o n  j. 
y;lj 
p denote a  systemwide marg in  o f  r ese rve  c a p a c i t y  f o r  produc ing e l e c t r i c i t y  
which i s  needed fo r  peak demands above expec ta t ions .  
0 i j  denote t h e  l o s s  f a c t o r  f o r  t ransmiss ion  l osses  between i and j. The 
l o s s  f a c t o r  i s  t h e  p roduc t  o f  t h e  percentage l o s s  per  m i l e  and t h e  
d i s t a n c e  between i and j. 
ek  denote t h e  number o f  hours i n t h e  kth subper iod w i t h i n  t h e  tth t i m e  
pe r i od .  
13' denote t h e  f r a c t i o n  o f  t h e  ith power p l a n t  t h a t  i s  a v a i l a b l e  f o r  n e t  O t v i  
cont inuous gene ra t i on  d u r i n g  t h e  tth p e r i o d .  
" denote t h e  annual capac i t y  f a c t o r  f o r  t h e  ith power p l a n t  d u r i n g  t h e  
' t v i  
tth pe r i od .  
as' denote t h e  q u a n t i t y  o f  wa te r  r e q u i r e d  t o  produce a  u n i t  o f  t h e  v  t h  
v  i I I- 
energy commodity us i ng  t h e  sLrl p r o d u c t i o n  f a c i l i t y .  
sVK 
a ,  denote t h e  q u a n t i t y  o f  wa te r  r e q u i r e d  t o  produce a  u n i t  o f  t h e  vth energy v I 
commodity u s i n g  t h e  sth p roduc t i on  f a c i l i t y  and employing t h e  kth c o o l i n g  
techn ique .  
bi denote t h e  q u a n t i t y  o f  wa te r  a v a i l a b l e  f o r  energy p roduc t i on  a t  t h e  i 
t h  
l o c a t i o n .  
2.2.4 The Programming Model 
The o b j e c t i v e  o f  t h e  model i s  t o  m in im ize  t h e  t o t a l  cos ts  o f  supp ly ing  
s u f f i c i e n t  q u a n t i t i e s  o f  energy commodit ies t o  meet minimum presen t  and f u t u r e  
f i n a l  demand requ i rements .  T o t a l  c o s t s  i n c l u d e  t h e  c o s t s  o f  o p e r a t i n g  ( f u e l ,  
labor ,  and m a t e r i a l  c o s t s )  t h e  energy p r o d u c t i o n  and t r a n s m i s s i o n  ne twork  p l u s  
t h e  c a p i t a l  c o s t s  (new p l a n t  and equipment)  r e q u i r e d  f o r  rep lacement  and expan- 
s i o n  of  p r o d u c t i o n  and t r a n s m i s s i o n  c a p a c i t y  i n  o r d e r  t o  meet f u t u r e  energy de- 
mands. A l l  c o s t s  a r e  expressed i n  terms o f  t h e i r  p r e s e n t  v a l u e s  i n  t h e  base 
p e r i o d .  
The o b j e c t i v e  i s  t o  m i n i m i z e :  
V 6 -rv V V + ~ ~ ~ 4 4 c  cSvijk xtvi jk + 
v 6 t v i  j k  v t v l  J k  
6' 6' V V cccc Cvi Wvi 
v d v i  v v i  j 
s u b j e c t  t o  t h e  f o l l o w i n g  system c o n s t r a i n t s .  
Fo r  each t i m e  p e r i o d ,  t h e  i n s t a l l e d  g e n e r a t i n g  c a p a c i t y  o f  t h e  i n t e g r a t e d  
r e g i o n a l  power s u p p l y  system must be s u f f i c i e n t  t o  meet t h e  r e g i o n a l  peak l o a d  
demand. T h i s  i s  t h e  peak power guaran tee  c o n d i t i o n .  I n  o r d e r  t o  m i n i m i z e  t h e  
p r o b a b i l i t y  o f  n o t  h a v i n g  enough c a p a c i t y ,  t h e  a v a i l a b l e  i n s t a l l e d  c a p a c i t y  must  
be s u f f i c i e n t  t o  meet t h e  expected peak demand w i t h  a  m a r g i n  o f  r e s e r v e  c a p a c i t y ,  
v ,  t h a t  a1 lows f o r  peak demands above mean e x p e c t a t i o n s .  The l e f t  s i d e  o f  t h i s  
c o n s t r a i n t  i s  t h e  sum o f  e x i s t i n g  p l u s  new g e n e r a t i n g  c a p a c i t y  t h a t  has accumulated 
from a1 1 previous periods to the t th period, v = - t , .  . . , t .  
for each t and for k = 1 ,  the peak load period. 
This form of the constraint imp1 i c i t l y  assumes that the peak load demands 
occur simultaneously a t  a l l  load centers within the region. If the region in 
question i s  very large, for example, a mu1 t i s t a t e  region, i t  i s  unlikely that 
peak loads will occur a t  the same time. A regional "diversity factor" may be 
added to equation ( 2 )  to adjust for  the nonsiniultaneous occurrence of the peak 
1 oad demands wi thin a region. 
Similarly, for gas production in each time period the installed capacity 
of an integrated regional gas supply system must be suff icient  t o  meet total  
regional production needs. Although there i s  a peak load period for  gas consump- 
t ion,  in some regions gas can be stored, allowing the buildup of supplies t o  meet 
the peak. Gas storage permits large ef f ic ient  SNG plants t o  operate on a continuous 
basis without having t o  adjust o u t p u t  on an hour-to-hour basis in meeting demands. 
As a resul t ,  there i s  l i t t l e  or no need to build enough capacity t o  meet expected 
peak demands with a margin of reserve. 
6' > ccc  wvi  ST' = czcc x t v i j  , 
6 v i  6vi j 
for each .t. 
For  e l e c t r i c i t y ,  t he  capac i t y  o f  t r ansm iss ion  1  i nes  w i t h i n  t h e  system ne t -  
work must be s u f f i c i e n t  t o  c a r r y  t h e  peak l oad  power demandsf romi  t o  j. A 
marg in  of reserve  capac i t y ,  p ,  must be s u f f i c i e n t  t o  c a r r y  peak demands t h a t  a r e  
above mean expec ta t ions .  
f o r  each t, i, and j, and f o r  k  = 1, t h e  peak l oad  per iod .  
For  gas, t h e  capac i t y  of  p i p e l i n e s  from i t o  j l r~us t  be s u f f i c i e n t  t o  c a r r y  
a l l  shipments o f  gas over  t h a t  r ou te .  Again, because gas can be s to red ,  t h e r e  i s  
no need f o r  reserve  p ipe1 i n e  capac i t y .  
f o r  each t, i, and j, 
V 
T 
where xtij can be regarded as shipments of n a t u r a l  gas from the  ith source t o  t h e  
jth demand p o i n t .  
The t r ansm iss ion  o f  e l e c t r i c  power f rom genera t ing  s t a t i o n s  and subs ta t i ons ,  
minus any t ransmiss ion  losses,  must be s u f f i c i e n t  t o  meet ins tantaneous power de- 
mands a t  each r e g i o n a l  l oad  cen te r .  
f o r  each t, j, and k. 
Shipments o f  s y n t h e t i c  n a t u r a l  gas f rom a l l  p l a n t s  p l u s  shipments o f  
n a t u r a l  gas must be s u f f i c i e n t  t o  meet l e v e l s  o f  gas consumption a t  each r e -  
g i o n a l  demand p o i n t ,  
f o r  each t and j. 
Because e l e c t r i c i t y  cannot be s to red ,  t r ansm iss i on  i n t o  a  s u b s t a t i o n  must  
be equal t o  t r ansm iss i on  ou t .  
f o r  each t, k, and j, where j '  # j. 
No p l a n t  can produce energy a t  a  l e v e l  t h a t  i s  g r e a t e r  than  i t s  a v a i l a b l e  
capac i t y .  
f o r  each t, v, k, i, and 6. 
For  power p l a n t s ,  manu fac tu re r ' s  nameplate r a t i n g  p rov ides  a  conven ien t  measure 
o f  i n s t a l  1  ed gene ra t i ng  capac i t y .  The a c t u a l  cont inuous n e t  gene ra t i ng  capab i l  i ty  
o f  a  p l a n t  i s ,  however, dependent on a  number o f  f a c t o r s  i n c l u d i n g  t h e  age of  t h e  
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6 The p l a n t  c a p a c i t y  f ac to r ,  ttvi, i s  t h e  expected annual l e v e l  o f  gene ra t i on  f o r  
t h e  tith t ype  p l a n t .  P l a n t  c a p a c i t y  f a c t o r s  a r e  dependent on t h e  s i z e ,  age, f u e l  
type, and o p e r a t i n g  c h a r a c t e r i s t i c s  o f  each p l a n t .  
AS i s  t h e  case w i t h  many l i n e a r  programming analyses,  t h e  op t ima l  l e v e l s  
o f  o p e r a t i o n  and expansion t h a t  t h e  above model s e l e c t s  a r e  h e a v i l y  dependent on 
t h e  parameters i n s e r t e d  i n  t h e  demand c o n s t r a i n t s .  The r e g i o n a l  l e v e l s  and 
c h a r a c t e r i s t i c s  o f  power demand, Yijk, and energy consumption, ytj, t h a t  a r e  used 
i n  t h e  model a r e  developed w i t h i n  t h e  c o n t e x t  o f  annual l o a d  d u r a t i o n  curves f o r  
each u t i l i t y .  An annual l oad  d u r a t i o n  cu rve  i s  cons t ruc ted  by r ea r rang ing  t h e  
h o u r l y  power demands t h a t  occur  d u r i n g  a  y e a r  i n  descending o r d e r  o f  magnitude. 
The maximum o r  annual peak l oad  demand i s  p laced  f a r t h e s t  l e f t ,  and each succeed- 
i n g  h o u r l y  l oad  i s  p laced  n e x t  t o  i t  i n  descending o rde r .  The i n t e g r a l  o f  t h e  l o a d  
d u r a t i o n  cu rve  i s  t h e  annual consumption o f  energy, , i n  t h e  u t i l i t y  s e r v i c e  area.  
F i g u r e  2.1 i l l u s t r a t e s  a  t y p i c a l  annual l o a d  d u r a t i o n  curve.  For l i n e a r  
programming t h e  annual cu rve  i s  broken down i n t o  k  = 1, ..., K b locks  r ep resen t i ng  
subper iods w i t h i n  t h e  year .  S ince t h e  w i d t h  o f  each b lock ,  e k ,  rep resen ts  t h e  
number o f  hours  i n  t h e  kth subper iod, t o t a l  annual energy consumption can be 
approximated by adding up t h e  areas o f  a l l  o f  t h e  b locks .  T h e l e f t - h a n d  s i d e  of 
each b l o c k  extended up t o  t h e  l o a d  d u r a t i o n  cu rve  i s  t h e  ins tantaneous power de- 
mand i n  t h e  kth pe r i od .  

Only K, a small number, of the 8760 hourly power demands are used in the 
model. The selection of the particular hourly demands that  are used i s  dependent 
on the characteristics of load being analyzed. One approach, for example, 
i s  to select  enough levels of power demand to represent the seasonal variation 
in daily peak load tha t  occurs during the year. 
2.2.5 Water Resources Supply and Utilization Constraints 
Several kinds of side constraints can be incorporated into the basic model. 
Some examples of these include constraints on the amount of new peak load capacity, 
constrairlts on the amount of nuclear capacity, constraints on the amount of energy 
transmitted along a single corridor, s i t e  limitations on fac i l i ty  s ize ,  and s i t e  
1 imi t.ations on the amounts of resources avai l ab1  e for energy production. Limits 
on the amount of water available for  energy production are ,  of course, of par- 
t icu lar  interest  for  the purposes of th i s  study. 
Considerations of water resources supply and uti 1 i  zation may be incorporated 
into the above model in several ways. Three possibi l i t ies  for doing so are dis- 
cussed here: prescreening of candidate s i t e s ,  developing water avai labi l i ty  con- 
s t r a in t s ,  and redefining water ut i l izat ion ac t iv i t i e s  for energy production. 
Prescreening. The simplest way to incorporate water supply considerations 
irlto the above model i s  to prescreen a region for  candidate s i t e s  for new plants 
using water avai labi l i ty  for energy production as a screening cr i ter ion.  Pre- 
screening involves comparing a t  each s i t e  the net water avai labi l i ty  for  energy 
production with the water ut i l izat ion requirements for  a specific s ize and type of 
energy production faci l  i t y ,  for example, a 2000 megawatt, nuclear power p l a n t  with 
cool ing ponds. S i t e s  with insufficient water to  support plant requirements are 
exc luded f rom t h e  a n a l y s i s .  Because p r e s c r e e n i n g  i s  done p r i o r  t o  o p t i m i z a t i o n ,  
no a d d i t i o n a l  c o n s t r a i n t s  a r e  needed i n  t h e  model. 
A l though  t h i s  method i s  s imp le ,  i t  i s  somewhat l i m i t e d  because o n l y  one s e t  
o f  c a n d i d a t e  s i t e s  can be e v a l u a t e d  i n  t h e  model a t  any one t ime .  D i f f e r e n t  s e t s  
o f  cand ida te  s i t e s  may, o f  course,  be en te red  i n t o  t h e  model i n  p a r a m e t r i c  fash ion .  
However, because each s i t e  i s  prescreened i n  terms o f  a  s p e c i f i c  c o n f i g u r a t i o n  
c o n s i s t i n g  o f  t h e  p l a n t  t ype ,  s i z e ,  s i t e  and c o o l i n g  system, i t  i s  p o s s i b l e  t o  
genera te  a  r a t h e r  1  a rge  number o f  a1 t e r n a t i v e  s e t s  o f  cand ida te  s i  t e s .  Consequent ly,  
w i t h  p r e s c r e e n i n g  i t  i s  d i f f i c u l t  t o  use o p t i m i z a t i o n  a n a l y s i s  t o  generate  i n f o r -  
m a t i o n  abou t  t h e  c o m p e t i t i o n  f o r  a v a i l a b l e  w a t e r  s u p p l i e s  and t h e  t r a d e o f f s  i n  
water -use f o r  energy p r o d u c t i o n  between a1 t e r n a t i v e  t ypes ,  s i z e s ,  and coo l  i n g  
sys tems . 
C o n s t r a i n t s .  The d isadvantages o f  p resc reen ing  can be avo ided by add ing 
c o n s t r a i n t s  t h a t  r e s t r i c t  n e t  a v a i l a b l e  wa te r  supp ly  f o r  energy p r o d u c t i o n .  For 
example, t h e  c o n s t r a i n t  
f o r  each i 
l i m i t s  t o t a l  w a t e r  use f o r  energy p r o d u c t i o n  a t  t h e  ith s i t e  t o  t h e  n e t  a v a i l a b l e  
supp ly ,  bi. Ne t  a v a i l a b l e  supp ly  may be d e f i n e d  i n  terms o f  s u s t a i n e d  y i e l d s  
6 ' f o r  r e s e r v o i r s  o r  expected f l o w  r a t e s  f o r  r i v e r s .  The c o e f f i c i e n t ,  avi, i s  t h e  
wa te r  w i thd rawa l  requ i rement  p e r  u n i t  o f  c a p a c i t y  o f  t h e  tith energy p r o d u c t i o n  
process.  By add ing t h i s  s e t  o f  c o n s t r a i n t s ,  t h e  model can be used t o  e v a l u a t e  
c o m p e t i t i o n  between d i f f e r e n t  t ypes  o f  energy p r o d u c t i o n  f o r  t h e  same source  
o f  wa te r  supply .  
C o n s t r a i n t  s e t  ( 9 )  can be fo rmu la ted  i n  a  manner t h a t  de f i nes  c e r t a i n  
a1 t e r n a t i  ve combinat ions o f  p l a n t  s i t e s  and coo l  i n g  systerr~s. For exarnpl e, power 
p l a n t s  on r i v e r  s i t e s  w i t h  c o o l i n g  ponds o r  power p l a n t s  on r e s e r v o i r  s i t e s  w i t h  
once-through c o o l i n g  a r e  s p e c i f i c  p l a n t - s i t e - c o o l i n g  system a l t e r n a t i v e s .  Wi th  
t h i s  f o rmu la t i on ,  t h e  model w i l l  s e l e c t  optimum s i t e  s p e c i f i c  c o o l i n g  a1 t e r n a t i v e s  
as w e l l  as optimum s i t e s  f o r  energy p roduc t i on  on t h e  bas i s  o f  t h e  r e l a t i v e  cos ts  
o f  u t i l i z i n g  cool ing-ponds on r i v e r  s i t e s  versus man-made lakes  a t  r e s e r v o i r  s i t e s .  
An e v a l u a t i o n  o f  t h e  t r a d e o f f s  i n  water-use p a t t e r n s  between r i v e r  and r e s e r v o i r  
s i t e s  happens t o  be o f  s p e c i a l  i n t e r e s t  because o f  t h e  m u l t i p l e - u s e  p o s s i b i l i t i e s  
f o r  wa te r  i n  s t o rage  and because o f  t h e  p rospec t  o f  f i n a n c i n g  r e s e r v o i r  cons t ruc -  
t i o n  w i t h  s t a t e  o r  f e d e r a l  subs id ies .  
F i n a l l y ,  t h e  r i gh t - hand  s i d e  o f  ( 9 )  can be parameter ized i n  o r d e r  t o  assess 
t h e  impacts o f  d i f f e r e n t  p o l i c i e s  a f f e c t i n g  t h e  q u a n t i t y  o f  wa te r  a v a i l a b l e  f o r  
energy p roduc t i on .  I n  t h i s  manner t h e  model can be used t o  determine changes i n  
t h e  op t ima l  s e t  o f  s i t e s  t h a t  m igh t  r e s u l t  f rom changing t o  a  p o l i c y  t h a t  g i ves  
p r i o r i t y  t o  s a t i s f y i n g  nonenergy-re1 a ted  wate r  demands. For example, r e s t r i c t i o n s  
m igh t  be imposed on w i thdrawa ls  f o r  energy p roduc t i on  i n  o r d e r  t o  ensure t h a t  
stream f lows were s u f f i c i e n t  t o  meet n a v i g a t i o n a l  needs o r  t o  m a i n t a i n  water  
qua1 i ty. 
A c t i v i t i e s .  By r e d e f i n i n g  t h e  s e t  o f  expansion a c t i v i t i e s  t o  i n c l u d e  an 
a c t i v i t y  f o r  each a l t e r n a t i v e  cornbinat ion o f  p l a n t  type,  s i t e ,  and c o o l i n g  system, 
t h e  model can be used t o  assess t h e  e f f e c t s  o f  changes i n  t h e  a v a i l a b i l i t y  o f  water  
on wate r  u t i l i z a t i o n  p r a c t i c e s  i n  energy p roduc t ion .  A model i n c o r p o r a t i n g  
a c t i v i t i e s  de f i ned  w i t h  t h i s  degree o f  d e t a i l  w i l l  s e l e c t  op t ima l  c o o l i n g  a l t e r -  
n a t i v e s  and op t ima l  s i t e s  f o r  energy p roduc t i on  s u b j e c t  t o  water  a v a i l a b i l i t y .  
C o n s t r a i n t  ( 9 )  would be rede f i ned  as f o l l o w s :  
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where a$' i s  t h e  wate r  requi rement  pe r  u n i t  o f  capac i t y  o f  t h e  6th energy pro-  
d u c t i o n  process which u t i l i z e s  t h e  rth type  o f  c o o l i n g  system a t  t h e  ith s i t e .  
The c o s t  c o e f f i c i e n t s  i n  t he  o b j e c t i v e  f u n c t i o n  and t h e  v a r i a b l e s  o f  t h e  model 
must be rede f ined ,  and a1 1  c o n s t r a i n t  se ts  must be expanded by a  m u l t i p l e  o f  t h e  
number of  a l t e r n a t i v e  c o o l i n g  systems i nco rpo ra ted  i n t o  t h e  model. 
111. A MULTIPERIOD, MULTIPLANT LINEAR PROGRAMMING MODEL OF AN ENERGY 
PRODUCTION SYSTEM AND ASSOCIATED WATER SUPPLY 
COMPONENTS: IMPLEMENTATION AND RESULTS 
The m u l t i p e r i o d ,  m u l t i p l a n t  l i n e a r  programming model has been implemented 
us ing  t h e  s t a t e  o f  I l l i n o i s  as a  case s tudy reg ion .  The ou tpu ts  o f  t h e  model 
i n c l u d e  t h e  optimum amounts by t ype  o f  new energy p roduc t i on  c a p a c i t y  f o r  genera t ing  
e l e c t r i c i t y  and g a s i f y i n g  coa l  ; the  optimum number, s i z e ,  and approxirnate l o c a t i o n  
w i t h i n  t h e  s t a t e  o f  new energy p roduc t i on  f a c i l i t i e s ;  and t h e  corresponding p a t t e r n  
of  wa te r  supp l i es  t h a t  these f a c i l i t i e s  w i l l  use i n  meet ing p r o j e c t e d  l e v e l s  of 
energy demand. The model was used t o  determine optimum expansion s t r a t e g i e s  f o r  two 
p r o j e c t e d  l e v e l s  o f  growth i n  energy demand and t o  examine t h e  s e n s i t i v i t y  o f  these 
s t r a t e g i e s  t o  r e s t r i c t i o n s  on gross energy- re la ted  water  w i thdrawa ls  f rom r i v e r s .  
The numerical  r e s u l t s  a r e  presented i n  Sec t i on  3.3 through Sec t ion  3.5. 
3 .1  MODELING THE EXISTING POWER SUPPLY SYSTEM I N  ILLINOIS 
The f i r s t  s tep  i n  implement ing t h e  mu1 t i  p e r i o d  model i nvo l ved  f o r m u l a t i n g  a  
sma l l e r  s i n g l e - p e r i o d  power supply  model f o r  t h e  e x i s t i n g  s e t  o f  power p l a n t s  and 
t ransmiss ion  l i n e s  w i t h i n  I l l i n o i s .  A l i n e a r  programming model o f  power p roduc t i on  
was developed f o r  a  base p e r i o d  o f  ana l ys i s ,  which, f o r  t he  purposes o f  d e f i n i n g  t h e  
number and c a p a c i t i e s  o f  e x i s t i n g  power p l a n t s ,  i nc l udes  t h e  years  1972 through 1974 
Th i s  model was ad jus ted  and improved u n t i l  i t s  s o l u t i o n s  p rov ided  power supp ly  and 
d i s t r i b u t i o n  p a t t e r n s  t h a t  a re  r e p r e s e n t a t i v e  o f  ac tua l  p a t t e r n s  i n  t h e  s t a t e  f o r  
1972. 
The f i n a l  v e r s i o n  o f  t he  s i n g l e  p e r i o d  model con ta ins  34 r r~a jo r  s t eam-e lec t r i c  
power p l a n t s  w i t h  an i n s t a l  l e d  capac i t y  o f  over  23,000 megawatts (Tab le  3.1 and 
F igu re  3 .1 ) .  An a d d i t i o n a l  17 l a r g e  gas t u r b i n e  o r  i n t e r n a l  combustion peak l o a d  
p l a n t s  hav ing  an i n s t a l l e d  capac i t y  o f  approx imate ly  2200 megawatts a r e  a l s o  
i nc l uded  i n  t h e  model b u t  a re  n o t  shown on t h e  map. 
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Figure 3.1.. Major power plants and transmission lines in Illinois--1972-74. 
As F igu re  3.1 i l l u s t r a t e s ,  power p l a n t s  a re  l i n k e d  by t r ansm iss i on  l i n e s  t o  
35 subs ta t i ons  ( a l l  o f  which a re  n o t  shown on t h e  map) and 14 ma jo r  r eg iona l  de- 
mand cen te r s  f o r  e l e c t r i c i t y .  Regional energy consumption 1  eve1 s  and peak 1  oad 
demands f o r  1972 a r e  l i s t e d  i n  Table  3.2. These demand cen te r s  and subs ta t i ons  
r ep resen t  o n l y  a  subset  o f  t h e  t o t a l  number o f  d e s t i n a t i o n s  f o r  power t r ansm iss i on  
i n  I l l i n o i s .  They were se lec ted  because o f  t h e i r  importance as r e g i o n a l  cen te r s  
o f  energy consumption o r  as i n t e rmed ia te  t r ansm iss i on  p o i n t s  i n  t h e  t r ansm iss i on  
network.  F i n a l l y ,  t h e  t ransmiss ion  l i n kages  and t h e  placernent o f  rnany o f  t h e  
subs ta t i ons  i n  t h e  model correspond t o  a c t u a l  t r ansm iss i on  l i n e  r ig t -~ t -o f -ways  and 
s u b s t a t i o n  l o c a t i o n s  i n  I l l i n o i s .  
3.2 PRESCREENING OF CANDIDATE AREAS FOR NEW ENERGY PRODUCTION FACILITIES 
I n  o r d e r  t o  implernent t h e  rnul ti p e r i o d  model, cand ida te  areas w i t h i n  I l l i n o i s  
were i d e n t i f i e d  f o r  f u t u r e  s t e a m - e l e c t r i c  power p l a n t s  and coa l  g a s i f i c a t i o n  p l a n t s .  
Candidate areas c o n s i s t  o f  e n t i r e  townships (36  square m i l e s )  and o n l y  r ep resen t  
approximate l o c a t i o n s  f o r  new p l a n t s .  Candidate areas a r e  - n o t  meant t o  i n d i c a t e  
s p e c i f i c  c o n s t r u c t i o n  s i t e s  f o r  new power p l a n t s  o r  coa l  g a s i f i c a t i o n  p l a n t s .  
To be des igna ted  as a  cand ida te  area, a  township  must possess s u f f i c i e n t  
q u a n t i t i e s  o f  wa te r  w i t h i n  o r  ad jacen t  t o  i t s  boundar ies t o  suppor t  t h e  des ign 
c o n d i t i o n  makeup w i thdrawa l  demands f o r  t h e  f o l l o w i n g  types  o f  energy p roduc t i on  
f a c i  1  i t i e s  (Tab le  3 .3) .  Candidate areas must have s u f f i c i e n t  wa te r  resources t o  
supp ly  t h e  maximum gross wi thdrawal  demands o f  a  2000 magawatt n u c l e a r  o r  c o a l -  
f i r e d  power p l a n t  o r  a  250 m i l l i o n  s c f d  coa l  g a s i f i c a t i o n  p l a n t .  R i ve r - supp l i ed  
cand ida te  areas a r e  l o c a t e d  on r i v e r s  f rom wt-~ict-I 10 percen t  o f  t h e  7-day, 10-year 
low f l ow  i s  s u f f i c i e n t  t o  meet t h e  rr~axirnu~n w i thdrawa l  r equ i r emer~ t s  o f  a  p l a n t  t h a t  
u t i l i z e s  a  c o o l i r ~ g  pond. Rese rvo i r - supp l i ed  cand ida te  areas a re  l o c a t e d  on s i t e s  
where one-ha1 f o f  t h e  p o t e n t i a l  r e s e r v o i r  s to rage  c a p a c i t y  d u r i  rig a  40-year 
Table 3.2. Energy Consumption, Power Demand, and Load Fac to rs  
f o r  Major  Regional  Load Centers i n  I l l i n o i s ,  1972 
Approximate Geographic Annual Energy Year ly  Peak Annual 
Load Center Consugption Demand Load 
(10 Mwh) (megawatts) Factor  
Chicago 
Harvey 
Aurora 
Des P la i nes  
Rockford 
Rock Is land-Mol  i n e  
LaSal 1 e-Peru 
Peor ia  
Champaign-Decatur- 
B l  oomi ny t o n  
Qu incy -Jacksonv i l l e  
S p r i n g f i e l d  
Mattoon-Eff inyham 
A1 ton-E. S t .  Lou i s  
M t .  Vernon-Y.Frankfort-  
Mar ion 
TOTAL : 
Table 3.3. ESTIMATES OF DESIGN CONDITION MAKEUP WATER REQUIREMENTS FOR 
THE DIFFERENT ENERGY FACILITY-COOLING SYSTEM CONFIGURATIONS 
USED IN THI:S  STUDY^ 
F a c i l i t y  Cool i n g  System Water Source F~laximu~ii 
Gross With- 
drawal s  
( c f s )  
Power P l a n t  
Nuc lear  Coo l ing  ponds R i v e r  
Nuc lear  Coo l ing  l a k e  Reservo i r  44.8 
Coal - F i r e d  Coo l ing  ponds R i v e r  52.0 
Coa 1 - F i r e d  Coo l ing  l a k e  Rese rvo i r  26.0 
Coal G a s i f i c a t i o n  P l a n t  
G a s i f i c a t i o n  Cool i ng ponds R i v e r  44. 6b 
G a s i f i c a t i o n  Coo l ing  l a k e  Reservo i r  44. 6b 
a ~ e e  Appendix C f o r  a  complete d i scuss ion  o f  wa te r  requi rements  f o r  energy 
p roduc t i on  f a c i l t i e s .  
b ~ s t i m a t e  i nc l udes  water  used f o r  c o o l i n g a s  w e l l  as wa te r  consumed as a  m a t e r i a l  
i n p u t  i n  t h e  g a s i f i c a t i o n  process. 
drought  i s  s u f f i c i e n t  t o  supply  t h e  maximum wi thdrawal  requi rements o f  a  p l a n t  
t h a t  u t i l  i z e s  a cool  i n g  lake.  Statewide wate r  resources maps (Smi th  and S t a l l  , 
1975; Singh and S t a l l ,  1973; Dawes and T e r s t r i e p ,  1966a and 1966b; and Ackermann, 
1962) i n d i c a t e  t he  l o c a t i o n s  and s to rage  c a p a c i t i e s  o f  p o t e n t i a l  r e s e r v o i r s  and 
t h e  7-day, 10-year f l ows  o f  r i v e r s  i n  I l l i n o i s .  
I n  a d d i t i o n  t o  water ,  a  candidate area f o r  a  coal  convers ion f a c i l i t y  must 
have s u f f i c i e n t  recoverable coal  depos i t s  i n  p l ace  t o  supply  t h e  needs o f  a  p l a n t  
o f  t he  s i z e  cons idered i n  t h i s  s tudy  f o r  a  30-year ope ra t i ng  l i f e t i m e .  These 
depos i t s  must be w i t h i n  t he  boundaries o f  t h e  candidate township o r  w i t h i n  the. 
boundaries of an ,ad jacen t  township. Statewide coal  resources maps (Smi th  and 
S t a l l ,  1975) i n d i c a t e  t h e  l o c a t i o n s ,  seam th icknesses and number o f  tons of coa l  
pe r  squa.re m i l e  i n  t h e  major  depos i ts  i n  I 1  1  i n o i s .  The number o f  square m i l e s  of 
coal  reserves  needed t o  suppor t  t h e  l i f e t i m e  ope ra t i ons  o f  a  power p l a n t  o r  a  
g a s i f i c a t i o n  p l a n t  was computed by r iu l  t i  p l y i n g  1 i fet irne p l a n t  coa l  requirements 
by 1.67, o r  t he  e q u i v a l e n t  o f  a  m in ing  recove rab i l  i t y  f a c t o r  o f  60 percent .  
I Townships w i t h  s u f f i c i e n t  coal  reserves were then matched up w i t h  townships w i t h  
1 s u f f i c i e n t  wa te r  resources i n  i d e n t i f y i n g  cand ida te  areas. 
Us ing o n l y  t h e  water  a v a i l a b i l i t y  c r i t e r i o n ,  69 cand ida te  areas were 
i d e n t i f i e d  f o r  nuc lea r  power p l a n t s  and a r e  shown i n  F igu re  3.2. Because a l l  
I p o i n t s  a long t h e  M i s s i s s i p p i ,  Ohio, I 1  1  i n o i s ,  Wabash and Rock R ivers  w i t h i n  I 1  1  i n o i s  
j s a t i s f y  t h e  low- f low c r i t e r i o n  f o r  p l a n t  wi thdrawal  s, candidate areas f o r  nuc lear  
> 
power p l a n t s  were p laced approx imate ly  every  15 rni les a long  these r i v e r s  un less 
t h e  presence o f  a  popu la t i on  cen te r  o r  an e x i s t i n g  genera t ing  s t a t i o n  made i t  
i n f e a s i b l e  t o  do so. Candidate areas f o r  nuc lea r  p l a n t s  were a l s o  exc luded from 
I 
, s i t e s  where t h e  presence o f  coal  made i t  f e a s i b l e  f o r  t h e  p o t e n t i a l  c o n s t r u c t i o n  
I o f  a  coal  convers ion f a c i l i t y .  
Because c o o l i n g  ponds p rov ide  some s to rage  capac i ty ,  t h e  Kankakee and t h e  
Pecatonica R i ve rs  were a l s o  cons idered as f e a s i b l e  sources o f  wa te r  supply  f o r  t h e  
gross wi thdrawal  demands o f  a  nuc lea r  p l a n t .  The 7-day, 10-year low f l o w s  i n  these 
r i v e r s  a re  approx imate ly  f i v e  t imes t h e  wi thdrawal  requi rement  o f  a  nuc lea r  p l a n t  
equipped w i t h  c o o l i n g  ponds. One candidate area was p laced on each o f  these r i v e r s .  
I n  s e l e c t i n g  cand ida te  areas f o r  nuc lea r  p l a n t s ,  se ismic  r i s k  zones asso- 
c i a t e d  w i t h  t h e  p r o x i m i t y  o f  t h e  New Madr id  F a u l t  t o  southern I 1  l i n o i s  (Algermissen 
and Perk ins,  1976) were taken i n t o  account. A l though candidate areas were n o t  
e l i m i n a t e d  from t h e  a n a l y s i s  because o f  t h e i r  l o c a t i o n  w i t h i n  se ismic r i s k  zones, 
an inc rease  o f  25 and 50 percen t  was added t o  t h e  cos t s  o f  c o n s t r u c t i n g  nuc lea r  
f a c i l i t i e s  i n  se ismic  zones w i t h  r i s k  o f  moderate damage and w i t h  r i s k  o f  ma jo r  
damage, r e s p e c t i v e l y .  
Using b o t h  wate r  and coal  a v a i l a b i l i t y  c r i t e r i a ,  48 cand ida te  areas were 
i d e n t i f i e d  f o r  c o a l - f i r e d  power p l a n t s ,  and 24 cand ida te  areas were i d e n t i f i e d  f o r  
coal  g a s i f i c a t i o n  p l a n t s  (F igu re  3.3) These areas have s u f f i c i e n t  su r f ace  wate r  
resources f rom r i v e r s  and p o t e n t i a l  r e s e r v o i r s  t o  supply  t h e  maximum gross w i t h -  
drawal demand o f  a  2000 megawatt c o a l - f i r e d  power p l a n t  o r  a  250 m i l l i o n  scfd coal  
g a s i f i c a t i o n  p l a n t .  One candidate area f o r  coal  convers ion f a c i l i t i e s  was p laced  
on t h e  Kaskaskia R i ve r  where state-owned water  supp l i es  f rom the  C a r l y l e  and 
S h e l b y v i l l e  Reservo i rs  cou ld  be used t o  augment r i v e r  f l o w  by as much as 67 c f s  
(Smith and S t a l l  , 1975). Th is  area was p laced  a t  t h e  proposed s i t e  f o r  t h e  
Coalcon coal  convers ion p r o j e c t  near  New Athens, I l l i n o i s .  
Both t h e  water  and coa l  requi rements f o r  t h e  t ype  o f  coal  g a s i f i c a t i o n  p l a n t  
assumed f o r  t h i s  a n a l y s i s  were g r e a t e r  than t h e  requirements o f  t h e  c o a l - f i r e d  
power p l a n t .  Consequently, any candidate area f o r  a  g a s i f i c a t i o n  p l a n t  i s  a l s o  
@ P o t e n t i a l  Nuc lear  P l a n t  
Loca t ions  
Seismic Zone w i t h  R isk  
o f  Moderate Damage 
Seismic Zone w i t h  R i sk  
o f  Major  Damage 
360y 7-day 10-year Low Flow ( c f s )  483 
Figure 3 .2 .  Approximate locations with sufficient water t o  support 
large-scale nuclear power plants. 
a candidate area f o r  a  c o a l - f i r e d  power p l a n t  as i n d i c a t e d  by t h e  presence o f  
two symbols t oge the r  on the  map i n  F igu re  3.3. Compet i t ion between two d i f f e r e n t  
f a c i l i t i e s  f o r  t he  wate r  resources o f  a  cand ida te  area was pe rm i t t ed  i n  t h e  
a n a l y s i s  o n l y  i n  t h i s  ins tance .  
To a  l a r g e  ex ten t ,  t h e  geographic d i s t r i b u t i o n  o f  cand ida te  areas 
r e f l e c t s  t h e  n a t u r a l  d i s t r i b u t i o n  o f  water  and coal  resources i n  I l l i n o i s .  
For  example, much o f  t h e  I l l i n o i s  coal  depos i t s  a re  n o t  ad jacen t  t o  t h e  l a r g e s t  
r i v e r s  which r u n  through and around t h e  s t a t e .  On t h e  o t h e r  hand, l a r g e  
reserves  o f  t h e  s t a t e ' s  coal  do u n d e r l i e  areas w i t h  smal l  r i v e r s  which have 
many p o t e n t i a l  s i t e s  f o r  reservo i rs ,and  many o f  these r e s e r v o i r s  a r e  o f  
s u f f i c i e n t  s i z e  t o  suppor t  t h e  k inds  o f  energy p roduc t ion  f a c i l i t i e s  
cons idered by  t h i s  study. Consequently, most o f  t h e  candidate areas f o r  
coal  - f i r e d  power p l a n t s  and g a s i f i c a t i o n  p l a n t s  a r e  on p o t e n t i a l  r e s e r v o i r  
s i t e s  i n  t h e  c e n t r a l  and southern p o r t i o n s  o f  t h e  s t a t e .  
The l a r g e  r i v e r s  which f l o w  through and around I l l i n o i s  can suppor t  t he  
wi thdrawal  demands o f  many nuc lea r  p l a n t s  even du r i ng  c o n d i t i o n s  o f  low f low. 
On t h e  o t h e r  hand, t h e r e  a r e  v e r y  few p o t e n t i a l  r e s e r v o i r s ,  e s p e c i a l l y  i n  
t h e  no r the rn  t h i r d  o f  t h e  s t a t e ,  t h a t  have s u f f i c i e n t  sus ta i nab le  y i e l d s  t o  suppor t  
a  l a r g e  nuc lea r  f a c i l i t y  o f  t h e  t ype  cons idered here. Hence, most of t he  
cand ida te  areas f o r  nuc lea r  f a c i l i t i e s  a r e  on t h e  major  r i v e r s  which f low 
through and around t h e  s t a t e .  
I n  s e l e c t i n g  cand ida te  areas, i t  was assumed t h a t  water  would n o t  be 
t r anspo r ted  t o  are.as w i t h  l a r g e  coal  depos i t s  and t h a t  coa l  would n o t  be 

t r anspo r ted  t o  water .  Suppl ies of bo th  resources must be p o t e n t i a l l y  a v a i l a b l e  
w i t h i n  t h e  candidate area. The i m p l i c a t i o n  o f  t h i s  assumption i s  t h a t  t h e  
t r a n s p o r t a t i o n  c o s t  s t r u c t u r e  f o r  coa l ,  water,  e l e c t r i c i t y  and gas f avo rs  l o c a t i o n  
of new p l a n t s  a t  t h e  sources o f  raw m a t e r i a l s .  
One consequence o f  t h e  above screening assumption i s  t h a t  o n l y  a  few 
candidate areas w i t h  s u f f i c i e n t  water  supp l i es  were i d e n t i f i e d  i n  t h e  r i c h  
coal  m in ing  d i s t r i c t  o f  southwestern I l l i n o i s .  Water f rom t h e  M i s s i s s i p p i  
R iver ,  which cou ld  e a s i l y  supply  t he  needs o f  many c o a l - f i r e d  power p l a n t s  and 
coal  g a s i f i c a t i o n  p l an t s ,  was n o t  cons idered because i t  must be t r anspo r ted  
i n t o  t h e  coal  d i s t r i c t ,  which i s  20 t o  25 m i l e s  away f rom t h e  r i v e r .  I h  f u t u r e  
research an e f f o r t  w i l l  be made t o  r e l a x  t h e  r e s t r i c t i v e n e s s  o f  t h i s  assumption 
by i n c l u d i n g  i n  t h e  model t h e  p o s s i b i l i t i e s  o f  t r a n s p o r t i n g  coal  and water.  
To summarize, t h e  a v a i l a b i l i t y  o f  water  and coal  resources w i t h i n  t h e  
candidate area were t h e  p r imary  c r i t e r i a  used i n  s e l e c t i n g  candidate areas. 
The importance o f  o t h e r  c r i t e r i a  i n c l u d i n g  p r o t e c t i o n  o f  t h e  environment, 
s u i t a b i l i t y  o f  l and  forms, o r  f e a s i b i l i t y  of m in ing  a v a i l a b l e  coal  resources 
were n o t  cons idered i n  t h e  screening process. Therefore,  some o f  t h e  
candidate areas t h a t  were i d e n t i f i e d  f o r  t h i s  s tudy  may, i n  f a c t ,  n o t  be s u i t a b l e  
f o r  t h e  ac tua l  c o n s t r u c t i o n  o f  a  power p l a n t  o r  a  c o a l - g a s i f i c a t i o n  p l a n t .  
Candidate areas f o r  new steam e l e c t r i c  power p l a n t s  were l i n k e d  i n t o  t he  
e l e c t r i c  power supp ly  system i n  t h e  manner i l l u s t r a t e d  i n  F igu re  3.4. Each 
candidate area was l i n k e d  t o  f rom one t o  t h r e e  o f  t he  c l o s e s t  subs ta t i ons  i n  t h e  
e x i s t i n g  network.  The p o s s i b i l i t y  o f  adding new t ransmiss ion  f a c i l i t i e s  f o r  

these  l i n k a g e s  o r  o f  adding new c a p a c i t y  a long  e x i s t i n g  t r a n s m i s s i o n r i g h t -  
of-ways was n o t  e x p l i c i t l y  i n c l u d e d  i n  t h e  fo rm o f  t h e  model whose ou tpu t s  a r e  
d iscussed below. The cos t s  o f  t r a n s m i t t i n g  power from new p l a n t s  over  new 
l i n k a g e s  and a long  e x i s t i n g  l i n k a g e s  were i nc l uded .  
I n  t h e  same manner, cand ida te  areas f o r  new coa l  g a s i f i c a t i o n  p l a n t s  
were l i n k e d  i n t o  ma jo r  gas t r ansm iss i on  p i p e l i n e s  which c u r r e n t l y  supp ly  n a t u r a l  
gas t o  u t i l i t i e s  th roughou t  I l l i n o i s .  I n  t h e  model, p i p e l i n e s  s e r v i c e  t h r e e  major  
r e g i o n a l  markets f o r  gas': no r t he rn ,  c e n t r a l ,  and sou thern  Ill i n o i s .  
3.3 OPTIMLIM EXPANSION STRATEGIES FOR ENERGY PRODUCTION 
Under t h e  nominal i n p u t  data,  desc r ibed  i n  Apendices A  th rough  C, and 
t h e  assumptions o f  t h i s  a n a l y s i s ,  t h e  optimum amounts and types  o f  new c a p a c i t y  
needed t o  meet p r o j e c t e d  demands f o r  e l e c t r i c i t y  and gas i n  I l l i n o i s  f o r  a  30- 
y e a r  p l ann ing  h o r i z o n  (norni na l  l y  1972-2002) a r e  presented i n  Tab1 e  3.4. The 
f i g u r e s  i n d i c a t e  t h e  t o t a l  a d d i t i o n s  by t ype - -nuc lea r  baseload, coa l  - f i r e d  base- 
load ,  gas t u r b i n e  peak load ,  coa l  g a s i f i c a t i o n - - o f  new c a p a c i t y  which wi  11 be needed 
t o  meet f u t u r e  demands and t o  r e p l a c e  p l a n t  r e t i r e m e n t s  t h a t  occur  d u r i n g  each 
decade w i t h i n  t h e  30-year pe r i od .  The t e r m i n a l  dates f o r  each decade correspond 
r o u g h l y  t o  t h e  e a r l y  19801s, t h e  e a r l y  1 9 9 0 ' ~ ~  and t h e  e a r l y  2000 's .  
The es t imates  i n  Tab le  3.4 r ep resen t  t h e  optimunl a d d i t i o n s  o f  c a p a c i t y  t h a t  
w i l l  be needed t o  meet p r o j e c t e d  l e v e l s  o f  energy demand and rese rve  requi rements  
f o r  s cena r i o  I, which assumes an average annual r a t e  o f  growth o f  3  percen t  i n  
energy consumption d u r i n g  t h e  30-year p l ann ing  p e r i o d .  The 3  percen t  r a t e  i s  r e l -  
a t i v e l y  low compared t o  average growth r a t e s  o f  about  7.0 pe rcen t  exper ienced i n  
t h e  1960 's .  I n  scena r i o  I, t h e  consumption o f  gas i s  p r o j e c t e d  t o  grow a t  an 
average annual r a t e  o f  one percen t ,  and t h e  supp l y  o f  n a t u r a l  gas coming i n t o  t h e  
Table 3.4. ESTIMATED ADDITIONS OF NEW ENERGY PRODUCTION CAPACITY FOR 
SCENARIO I (3.0 PERCENT GROWTH I N  ELECTRICITY DEMAND) 
Steam E l e c t r i c  Power Generat ion 
(megawatts ) 
E a r l y  1980's E a r l y  1990 's  E a r l y  2000's 
Nuclear  Base Load 
R i v e r  S i t e s  
Reservo i r  S i t e s  
Coa l -F i red  Base Load 
R i ve r  S i t e s  
Reservo i r  S i t e s  
Peak Load 
Coal G a s i f i c a t i o n  
R i v e r  S i  t e s  
Reservo i r  S i t e s  
Coal G a s i f i c a t i o n  
(mi 11 i o n  s c f d )  
E a r l y  1980 's  E a r l y  1990 's  E a r l y  2000's 
s t a t e  i s  p r o j e c t e d  t o  d e c l i n e  a t  an average annual r a t e  o f  4.0 percen t .  S i m i l a r  
es t imates  a r e  p resen ted  i n  Table  3.5 f o r  s cena r i o  11, which assumes a  somewhat 
h i g h e r  r a t e  o f  growth o f  5  percen t  i n  t h e  consumption o f  e l e c t r i c i t y  and t h e  same 
p r o j e c t i o n s  f o r  gas. 
The es t imates  i n  Tables 3.4 and 3.5 and t h e  cor responding p a t t e r n s  o f  wa te r  
use p resen ted  i n  t he  f o l l o w i n g  s e c t i o n  a r e  ve r y  s e n s i t i v e  t o  severa l  assumptions 
which were niade rega rd i ng  t he  va lues and manner i n  which c e r t a i n  parameters were 
t r e a t e d  i n  t he  model. A b r i e f  exp lana t i on  o f  some o f  these  assumptions i s  p re -  
sen ted  here i n  o r d e r  t o  g i v e  t h e  reader  a d d i t i o n a l  i n s i g h t  i n t o  t h e  o p e r a t i o n  
o f  t h e  model and t he  i n t e r p r e t a t i o n  o f  t he  r e s u l t s .  To repea t ,  a l l  pa ramet r i c  
va lues t h a t  were used a r e  nominal and can be v a r i e d  f o r  a  s e n s i t i v i t y  a n a l y s i s  
o f  t h e  model. 
By comparing t h e  t o t a l s  i n  t h e  two t a b l e s ,  one can e a s i l y  see t h a t  t h e  
optimum amounts o f  new energy p roduc t i on  c a p a c i t y  a re  ve r y  s e n s i t i v e  t o  the 
assumed o v e r a l l  r a t e s  o f  growth i n  t h e  demand f o r  energy.  Less apparent,  perhaps,' 
i s  t h e  f a c t  t h a t  c a p a c i t y  t o t a l s  a r e  a l s o  ve r y  s e n s i t i v e  t o  assumptions which were 
made r e g a r d i n g  t he  s i z e  o f  r e g i o n a l  l o a d  f a c t o r s ,  t h e  degree o f  system i n t e g r a -  
t i o n ,  the  s i z e  o f  t h e  system rese rve  requirernent,  t h e  p o t e n t i a l  f o r  i m p o r t i n g  
power i n t o  I l l i n o i s ,  t h e  r a p i d i t y  o f  t h e  r e t i r e m e n t  schedule f o r  e x i s t i n g  p l a n t s ,  
and l i m i t a t i o n s  on a d d i t i o n s  o f  peak l o a d  capac i t y .  
The model adds s u f f i c i e n t  new power gene ra t i ng  capac i t y  t o  meet annual r e -  
g i o n a l  peak l o a d  requi rements  w i t h  a  margir l  o f  c a p a c i t y  f o r  reserve .  For bo th  
scenar ios  i t  was assumed t h a t  r e g i o n a l  l o a d  f a c t o r s ,  o r  t h e  r a t i o  o f  t h e  average 
Table 3.5. ESTIMATED ADDITIONS OF NEW ENERGY PRODUCTION CAPACITY FOR 
SCENARIO I I ( 5 . 0  PERCENT GROWTH I N  ELECTRICITY DEMAND) 
Steam E l e c t r i c  Power Generat ion 
(megawatts ) 
E a r l y  1980's E a r l y  1990 's  E a r l y  2000's 
I Nuc lear  Base Load 
1 R i v e r  S i  t e s  
Reservo i r  S i t e s  
I 
I 
I 
I Coal -F i  r e d  Base Load 
R i ve r  S i t e s  
Reservo i r  S i t e s  
Peak Load 
Coal G a s i f i c a t i o n  
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3 
annual h o u r l y  energy demand t o  t h e  annual peak h o u r l y  demand f o r  each reg iona l  I 
i 
l o a d  cen te r ,  would remain a t  1972 l e v e l s  f o r  t h e  e n t i r e  30-year p lann ing  pe r i od .  
Furthermore, because a l l  r e g i o n a l  i n t e rmed ia te  and base l o a d  demands were assumed i 
t o  be p r o p o r t i o n a t e  t o  p r o j e c t e d  annual peak l oad  demands, t h e  p r o j e c t e d  s t r u c -  
t u r e  of  each r e g i o n a l  l oad  d u r a t i o n  curve does n o t  change throughout  t h e  p lan-  
n i ng  per iod .  
Th is  assumption may be somewhat r e s t r i c t i v e  i n  view o f  r ecen t  proposals  1 I 
t o  adopt  t ime-of -day e l e c t r i c  r a t e s .  I f  s u c c e s s f u l l y  ir lplemented, these r a t e s  I 
w i l l  encourage o f f -peak  uses o f  power and inc rease  l o a d  f a c t o r s  over  p resen t  I 
l e v e l s .  Assuming cont ingency requi rements remain t h e  same, h i ghe r  l o a d  f a c t o r s  I 
would rrlean t h a t  l a r g e r  arr~ounts o f  baseload capac i t y  b u t  l e s s  t o t a l  capac i t y  would 
be needed t o  meet p r o j e c t e d  increases i n  t h e  demand f o r  e l e c t r i c  energy. I 
With respec t  t o  t h e  degree o f  system i n t e g r a t i o n ,  t h e  model t r e a t s  t h e  ! 
e n t i r e  s t a t e  as i f  i t  were served by a  s i n g l e  e l e c t r i c  u t i l i t y  company. I n  t h e  1 
mode1,power p l a n t s  and l o a d  cen te rs  a r e  connected i n  an i n t e g r a t e d  s ta tew ide  
i 
power supply  network, and c u r r e n t  s e r v i c e  area boundaries and o t h e r  u t i l i t y  i 1 
company des igna t ions  a r e  ignored.  As a  r e s u l t  t h e  model determines t h e  s i z e  and 
1 
l o c a t i o n  o f  new p l a n t s  e n t i r e l y  on t he  bas i s  o f  c o s t  and r e g i o n a l  needs w i t h o u t  1 
any cons ide ra t i on  f o r  i n d i v i d u a l  u t i l i t i e s '  t e r r i t o r i a l  s e r v i c e  requirements.  1 1 
I f  t ransmiss ion  1-inkages permi t ,  t h e  model niay s e l e c t  a  s i n g l e  p l a n t  t o  s e r v i c e  
two o r  more l o a d  cen te rs  t h a t  a r e  i n  r e a l i t y  se rv i ced  by d i f f e r e n t  u t i l  i t y  com- 1 j 
pani es . I 
4 
I 
This  assumption i s  q u i t e  reasonable i n  v iew o f  t h e  number o f  r ecen t  i n -  ! 
! 
s tances i n  which ne ighbor ing  u t i l i t i e s  i n  I 1  l i  no i s  have entered i n t o  j o i n t  agreements i 
t o  share t h e  ou tpu t  o f  new f a c i l i t i e s .  J o i n t  ventures enable two o r  more 
u t i l i t i e s  t o  t ake  advantage o f  economies o f  sca le  i n  a  s i n g l e  l a r g e  f a c i l i t y  i n -  
s tead o f  c o n s t r u c t i n g  severa l  smal l  e r ,  l e s s  e f f i c i e n t  p l a n t s .  Whi 1  e  severa l  
ventures o f  t h i s  k i n d  have been undertaken i n  t h e  l a s t  few years  alone, a  
number o f  a d d i t i o n a l  o p p o r t u n i t i e s  f o r  j o i n t  ventures may e x i s t  e s p e c i a l l y  i n  
c e n t r a l  and southern I l l i n o i s .  
The model a l s o  t r e a t s  t h e  requi rement  t o  have s u f f i c i e n t  r ese rve  genera t ion  
capac i t y  f o r  peak loads above expec ta t ions  as a  s ta tew ide  requi rement .  I n  t h e  
above scenar ios,  a  s ta tew ide  reserve  requi rement  o f  approx imate ly  22 percen t  was 
used as a  sur roga te  es t imate  f o r  r eg iona l  peak loads above expec ta t ions  and p l a n t  
outage ra tes .  The 22 percen t  reserve  requi rement  i s  s l  i g h t l y  more than p r o j e c t e d  
summer peak l oad  reserve  est imates which were made by t h e  Mid-America I n t e r p o o l  Net- 
work (MAIN), t h e  reg iona l  e l e c t r i c  re1  i a b i l i t y  counc i l  t h a t  i nc l udes  t h e  u t i l i t i e s  
i n  I l l i n o i s .  MAIN p r o j e c t e d  an average o f  19.6 percen t  reserve  f o r  t he  years  1976 
t o  1985 (Federa l  Power Commission, 1976b) and an average 17.9 percen t  r ese rve  f o r  
t h e  years  1986 t o  1995 (Federal  Power Commission, 1 9 7 6 ~ ) .  
I n  a d d i t i o n ,  i t  was assumed t h a t  a l l  genera t ing  capac i t y  f o r  meet ing p r o j e c t e d  
peak loads and reserve  requirements would be l o c a t e d  w i t h i n  I 1  1  i n o i s ;  i n  t h e  model , 
power i s  n o t  impor ted f o r  o r  expor ted t o  u t i l i t i e s  i n  ne ighbor ing  s t a t e s  i n  meet- 
i n g  peak 1  oad demands. 
I n  a d d i t i o n  t o  f u t u r e  demands and reserve  requi rements,  t he  model a l s o  de te r -  
mines t h e  amount and l o c a t i o n  o f  new power genera t ing  capac i t y  t h a t  i s  needed t o  
rep lace  r e t i r i n g  p l an t s .  I n  t h i s  s tudy  planned re t i r emen ts  were assumed t o  be 
dependent on t h e  age s t r u c t u r e  o f  t h e  e x i s t i n g  s e t  o f  p l a n t s .  P l a n t s  t h a t  had 
begun operation before 1972 were grouped into three categories: plants tha t ,  as 
of 1972, had been operating for less than 10 years; plants that  had been operat-. 
ing for 10 to 19 years; and plants tha t  had been operating for  over 20 years. The 
oldest group of plants was ret i red during the f i r s t  decade of the planning period, 
the middle group during the second decade, and so on .  Gas turbine peaking plants 
were not ret i red.  
If  the costs of operating existing generating s tat ions were greater than 
the costs of constructing and operating new plants, then the model would force 
existing plants into retirement. Because the assumed operating cost structure 
for  new plants i s  much lower than that  for  existing plants--reflecting more 
ef f ic ien t  technology and economies of scale ,  the model reduces the u t i l iza t ion  
levels a t  several existing plants before scheduled retirement dates. 
Finally, the model includes statewide constraints on the total  amount of 
peak load generating capacity. Because of high generating costs ,  u t i l i t i e s  do 
attempt to  l imit  instal la t ion and use of peak load capacity. In th i s  analysis,  
total  peak load capacity was 1 imited t o  10 percent of the projected annual peak 
load level of demand above expectations. 
3.4 C O R R E S P O N D I N G  PATTERNS O F  WATER USE 
Each optimum expansion strategy yields a corresponding spatial  and temporal 
pattern of water use for energy production. Tables 3.4 and 3.5 present a break- 
down of the optimum amount and type of capacity by source of water supply, r iver 
or reservoir. These estimates represent the total  additions of capacity to be 
constructed a t  the.optimun s e t  of new plant locations which have been grouped 
according to source of water supply. 
The r e l a t i v e  cos t s  o f  c o n s t r u c t i o n  and p r o x i m i t y  t o  markets a re  t h e  key 
determinants  i n  t h e  model 's  s e l e c t i o n  o f  p l a n t  t ype  and l o c a t i o n  f o r  new energy 
p roduc t i on  f a c i l i t i e s .  Tables 3.4 and 3.5 i n d i c a t e  a  decided p re fe rence  by t h e  
model f o r  l o c a t i n g  new capac i t y  on r i v e r  s i t e s  which have assoc ia ted  c o n s t r u c t i o n  
cos t s  t h a t  a re  lower  than  those a t  r e s e r v o i r  s i t e s .  The t a b l e s  a l s o  i n d i c a t e  a  
preference by t h e  rr~odel f o r  nuc lear  power p l a n t s  i n  s p i t e  o f  t h e  f a c t  t h a t  u n i t  
c o n s t r u c t i o n  cos t s  f o r  nuc lear  p l a n t s  a re  h i ghe r  than  u n i t  c o n s t r u c t i o n  cos t s  f o r  
coal  - f i r e d  p l a n t s .  Such preferences r e f l e c t  t h e  r e l a t i v e  importance o f  t h e  1  arge 
p r o j e c t e d  demands f o r  e l e c t r i c  power i n  t h e  Chicago metropol  i t a n  and no r the rn  
I l l i n o i s  r eg ions  and t h e  comparat ive economic advantage o f  meet ing those l a r g e  
demands w i t h  nuc lea r  p l a n t s  t h a t  a r e  l o c a t e d  c l o s e r  t o  t h e  p o i n t  o f  consumption 
r a t h e r  than  w i t h  mine-mouth, c o a l - f i r e d  p l a n t s  l o c a t e d  i n  c e n t r a l  and southern 
I 1  1  i n o i s ,  a  cons iderab le  d i s tance  f rom these l o a d  cen te rs .  
F igures  3.5 and 3.6 i l l u s t r a t e  t h e  optimum s p a t i a l  and temporal development 
c o n f i g u r a t i o n s  f o r  growth scenar ios I and 11. The maps show t h e  approximate 
l o c a t i o n s  f o r  t h e  optimum s e t  o f  energy p roduc t i on  f a c i l i t i e s  se lec ted  by t h e  
model. These l o c a t i o n s  represen t  t he  minimum c o s t  s e t  o f  new energy p roduc t i on  
f a c i l i t i e s  t h a t  w i l l  be needed t o  meet t h e  l e v e l s  o f  energy demand p r o j e c t e d  i n  
each o f  t h e  scenar ios .  
S p a t i a l l y ,  development i s  concentrated around t h e  ma jo r  energy consumption 
cen te rs  o f  I l l i n o i s ,  e s p e c i a l l y  Chicago. R i v e r  and r e s e r v o i r  s i t e s  i n  t h e  im- 
mediate p r o x i m i t y  o f  l a r g e  energy markets are,  f o r  economic reasons, more a t t r a c t i v e  
f o r  new f a c i l i t i e s .  One excep t ion  t o  t h i s  occurs i n  t h e  model 's  s e l e c t i o n  of a  
number o f  s i t e s  f o r  coal  g a s i f i c a t i o n  p l a n t s  a long t h e  Wabash R iver .  A l though 
these s i t e s  a r e  l o c a t e d  a t  cons iderab le  d is tances  from t h e  major  gas markets i n  
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northern I l l i n o i s ,  the extra costs of gas transmission from th i s  region are more 
than of fse t  by higher plant construction costs a t  reservoir s i t e s  in the central 
and southern part of the s ta te .  I n  addition, s i t e s  along the Wabash are also 
within short distances of a major north-south gas pipeline (Midwestern Gas Trans- 
mission) tha t  services the Chicago area. 
Temporally, the model projects that  development will proceed away from major 
demand centers. As might be expected, low cost s i t e s  tha t  are  closest  to  demand 
centers are committed in the f i r s t  10 years;  s i t e s  tha t  are  somewhat more dis tant  
and more costly are committed in the second 10 years,and so on. The progression 
away from demand centers in s i t ing  i s  in part dependent on an assumption tha t  
new baseload capacity cannot be added a t  s i t e s  where existing units have been re- 
t i red .  Plants tha t  are currently in operation are  located primarily on s i t e s  with- 
in metropolitan areas. Although these s i t e s  are  very a t t rac t ive  from an economic 
standpoint, federal regulations make them very d i f f i c u l t ,  i f  not impossible, t o  
use for  new plants. The Nuclear Regulatory Commission prohibits s i t ing  nuclear 
power plants within popul ation centers. The Environmental Protection Agency's 
ambient a i r  quality standards currently make i t  infeasible tos i tenew coal-fired 
power plants in large metropolitan areas such as Chicago. 
Spat ial ly ,  therefore, development proceeds down the I l l i no i s  River away 
from Chicago, and in both directions on the I l l i no i s  away from Peoria. Develop- 
ment also proceeds down the Rock River away from Rockford and in both directions 
along the Mississippi River away from Rock Island-Moline. Finally, development 
proceeds down the Wabash River. A pattern ofpower plant s i t i ng  in I l l i no i s  tha t  
i s  similar to  the pattern generated by the model i s  already apparent in the 
announced s i t e s  for  new power plants which will be constructed between 1975 and 
and 1985 (Unpubl i shed  da ta  from C.  W. Fox, February,  1974). 
Tables 3.6 and 3.7 p resen t  es t imates  o f  t h e  p r o j e c t e d  impacts on wate r  
use f o r  t h e  optimum expansion s t r a t e g i e s  f o r  scenar ios  I and 11. These f i g u r e s  
r ep resen t  t o t a l  a d d i t i o n a l  gross w i thd rawa ls  o f  water  f o r  energy p roduc t i on  by 
t h e  optimum s e t  o f  new p l a n t s  which have beengrouped by t ype  of wa te r  supply .  
The t o t a l s  a r e  broken down f o r  t h e  e i g h t  major ,  m u l t i c o u n t y  h y d r o l o g i c  bas in  
r eg ions  i n  I l l i n o i s  which have been i n d i c a t e d  on t h e  maps. 
For  scena r i o  I (Table 3 .6) ,  p r o j e c t e d  w i t hd rawa l s  f o r  energy p roduc t i on  a r e  
l a r g e s t  i n  r e g i o n  3- - the upper I l l i n o i s  R i v e r  basin--and r e g i o n  7 - - the  Wabash 
R i v e r  b a s i n - - p r i m a r i l y  because o f  t h e  model 's  s e l e c t i o n  o f  cand ida te  areas i n  
these reg ions  f o r  t h e  c o n s t r u c t i o n  o f  coa l  g a s i f i c a t i o n  p l a n t s .  P r o j e c t e d  w i t h -  
drawals a r e  a l s o  ve ry  l a r g e  i n  r e g i o n  1 - - t he  Rock R i ve r  basin--and r e g i o n  2-- 
t h e  Des Plaines-Kankakee-I11 i n o i s  R i v e r  basin--because o f  t h e  model ' s  s e l  e c t i o n  
o f  cand ida te  areas i n  these reg ions  f o r  t h e  c o n s t r u c t i o n  o f  power p l a n t s  t o  serve 
t h e  Chicago nletropol  i t a n  area. 
P r o j e c t e d  w i thdrawa ls  e x h i b i t  t h e  same p a t t e r n  o f  r e g i o n a l  c o n c e n t r a t i o n  
i n  scenar io  I 1  (Tab le  3 .7) .  I n  t h i s  case t h e  h i g h e r  growth r a t e  f o r  e l e c t r i c i t y  
demand necess i t a t es  t h e  c o r ~ s t r u c t i o n  o f  more power p l a n t s ,  and t h e  model se l ec ted  
cand ida te  areas t h a t  a r e  ma in l y  i n  r eg ions  1  and 3  f o r  these a d d i t i o n a l  p l an t s .  
Wi th  l a r g e r  demands f o r  e l e c t r i c i t y ,  t h e  model made l a r g e  a d d i t i o n s  t o  power gen- 
e r a t i n g  c a p a c i t y  i n  r e g i o n  2  i n  t h e  1980 's  and 19901s,  and ve ry  smal l  a d d i t i o n s  i n  
t h e  2000's. Under t h e  assumptions of t h i s  a n a l y s i s  t h e  a v a i l a b l e  supply  of wa te r  
f o r  energy p roduc t i on  i n  r e g i o n  2  w i l l  be n e a r l y  dep le ted  by t h e  e a r l y  1990 's .  
T a b l e  3.6. PROJECTED PATTERN OF GROSS WITHDRAWALS OF SURFACE WATER FOR NEW 
ENERGY PRODUCTION FACILITIES ASSUMING ENERGY DEMAND GROWTH RATES 
OF SCENARIO I 
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Hyd ro log i c  b a s i n  r eg ions  1, 2, 3, and 7  have p o t e n t i a l  wa te r  supp l i es  f rom 
r i v e r s  which c o u l d  suppor t  energy p r o d u c t i o n  from a  l a r g e  number of s t e a m - e l e c t r i c  
and coal  g a s i f i c a t i o n  p l a n t s .  Wi thou t  any r e s t r i c t i o n s  on t o t a l  wa te r  w i thd rawa ls  
f rom r i v e r s ,  t h e  model s e l e c t e d  cand ida te  areas f o r  as many energy p roduc t i on  f a c i l -  
i t i e s  on r i v e r  s i t e s  i n  these reg ions  as i t  was economica l l y  e f f i c i e n t  t o  cons t ruc t .  
P r o j e c t e d  gross w i thd rawa ls  from r i v e r s  by new energy p r o d u c t i o n  f a c i l i t i e s  a r e  
l i s t e d  i n  Tab le  3.8 a long w i t h  t h e  average 7-day, 10-year low f l o w s .  
For  some r i v e r s ,  p r o j e c t e d  gross w i thd rawa ls  u t i l i z e  a  l a r g e  percentage o f  
t h e  l ow - f l ow  which may be undes i r ab le  frorn t h e  s tandpo in t  o f  r r ~ a i n t a i n i n g  water  
q u a l i t y  and o t h e r  stream uses. I t  i s  beyond t h e  scope o f  t h i s  s tudy  t o  e s t a b l i s h  
a  mi nirnum stream f l o w  t h a t  would accommodate a1 1  p o t e n t i  a1 uses i r ~ c l  ud i  r ~ g  energy 
p roduc t i on .  However, t h e  model t ha twasdeve loped  i n  t h i s  s t udy  can be used t o  
assess t h e  impact  t h a t  a  rninirnum-flow l i m i t a t i o n  m i g h t  have on energy p roduc t i on  
and t h e  cor responding r e g i o n a l  p a t t e r n  of ene rgy - re l a ted  water  demands as i s  
demonstrated i n  t h e  f o l l o w i n g  sec t i on .  
3.5 SENSITIVITY TO WITHDRAWAL CONSTRAINTS 
To demonstrate t h e  model 's  f l e x i b i l i t y  i n  assess ing t h e  impacts o f  a l t e r n a t i v e  
p o l i c i e s  f o r  r e g u l a t i n g  t h e  supp ly  o f  wa te r  f o r  energy p roduc t i on ,  optimum expansion 
s t r a t e g i e s  were determined f o r  energy growth scenar ios  I and 11, b u t  w i t h  l i m i t a t i o n s  
on gross w i thd rawa ls  f rom r i v e r s  f o r  energy p r o d u c t i o n  f rom new f a c i l i t i e s .  Regu- 
l a t i o n s  t h a t  l i m i t  t h e  aniount o f  wa te r  t h a t  a  user  car1 witt- draw o r  d i v e r t  f rom a  
r i v e r  p r o v i d e  a  p o t e n t i a l  means o f  r a t i o n i n g  a v a i l a b l e  s u r f a c e  wate r  supp l i es  f o r  
energy p r o d u c t i o n  and o t h e r  uses. Regu la t ions  o f  t h i s  k i n d  can be en fo rced  th rough  
a  system o f  wa te r  use pe rm i t s .  Recen t l y  t h e  s t a t e  l e g i s l a t u r e s  i n  I l l i n o i s  and i n  
severa l  o t h e r  midwestern s t a t e s  have cons idered water  use perrn i t  systems. 
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For the scenarios designated I-A a n d  11-A, in which limitswereplaced on 
available water for energy production, gross withdrawals by new steam-electric 
and coal gasification plants may n o t  exceed 10 percent of the average 7-day, 
10-year, lowflowsin the eight rivers considered in the study. Because of i t s  
importance as a source of water for energy and because of the extent t o  which i t  
i s  managed, two constraints were imposed on the I l l inois  River: one constraint 
on withdrawals from the river above Peoria and  one on withdrawals below t h a t  c i ty .  
I n  e f fec t ,  these constraints increased t o t a l  allowable withdrawals from the 
I l l ino i s  River t o  a b o u t  20 percent of the 7-day, 10-year low flow. Because of 
the ab i l i ty  t o  augment the flow in the Kaskaskia River below the Carlyle Reservoir 
10 percent of the average 7-day, 10-year low flow was increased by 69 cfs ,  which i s  
the estimated potential for  increasing flow (Smith a n d  S t a l l ,  1975). 
These restr ic t ions on gross withdrawals from rivers did n o t  affect  the 
f eas ib i l i ty  of meeting future energy demands. I n  f ac t ,  the overall effect  of 
withdrawal limitations on total  optimum additions of new capacity, on total  with- 
drawals of water for  energy production, and  on the total costs of meeting fu ture .  
energy demands was comparatively small. For example, the values of the objective 
function--which in th is  instance can only be used t o  indicate sensitivity--were 
$5.83 a n d  $5.87 bi l l ion for scenarios I a n d  I-A, a n d  $7.63 a n d  $7.71 bill ion for  
scenarios I1 a n d  11-A. 
Although withdrawal limitations did n o t  affect  the f eas ib i l i ty  of meeting 
future energy demands, theydid affect  the composition of generating capacity and 
the corresponding pattern of energy-related water demands associated with supplying 
future requirements for gas and e lec t r ic i ty .  A comparison between estimated optimum 
additions t o  capacity for  scenarios I (Table 3 .4)  and I-A (Table 3.9) and between 
Table 3.9. ESTIMATED ADDITIONS OF NEW ENERGY PRODUCTION CAPACITY FOR 
SCENARIO I -A  (3 .0  PERCENT GROWTH I N  ELECTRICITY DEMAND) 
Steam E l e c t r i c  Power Generat ion 
(megawatts ) 
Nuclear  Base Load 
R i v e r  S i t e s  
Reservo i r  S i t e s  
Coal - F i r e d  Base Load 
~i v e r  S i t e s  
Re:servoi r S i t e s  
Peak Load 
Coal G a s i f i c a t i o n  
R i v e r  S i t e s  
Reservo i r  S i t e s  
E a r l y  1980 's  E a r l y  1990 's  E a r l y  2000 's  
Coal G a s i f i c a t i o n  
( m i l l i o n  s c f d )  
E a r l y  1980 's  E a r l y  1990 's  E a r l y  2000's 
es t imated  a d d i t i o n s  t o  c a p a c i t y  f o r  scenar ios  I 1  (Table 3.5) and T I - A  (Table 
1 
3.10) i l l u s t r a t e s  t h i s  p o i n t .  j 
i 
1 
1 
If withdrawal  c o n s t r a i n t s  a r e  imposed, t h e  model p r o j e c t s  t h a t  t h e  c a p a c i t y  
1 
of  t h e  sma l l e r  r i v e r s - - I l l i n o i s ,  Kankakee, Pecatonica, Rocky Kaskaskia and Mabash-- S 1 
t o  suppor t  new energy f a c i l i t i e s  would be exhausted by t h e  e a r l y  1990's.  A 10 
percen t  l i m i t  on w i thdrawa ls  f o r  energy p roduc t i on  would e f f e c t i v e l y  c o n s t r a i n  
c o n s t r u c t i o n  o f  power p l a n t s  and coa l  g a s i f i c a t i o n  p l a n t s  on these r i v e r s  i n  bo th  
growth scenar ios.  As i s  i l l u s t r a t e d  i n  F igure  3.7 and F igu re  3.8, v i r t u a l l y  a l l  
development on t h e  sma l l e r  r i v e r s  would be completed i n  t h e  f i r s t  two 10-year 1 
i 
t ime  pe r i ods  i n  t h e  model. 
The i m p o s i t i o n  o f  wi thdrawal  c o n s t r a i n t s  causes t h e  model t o  a l t e r  t h e  optimum 
composi t ion o f  new a d d i t i o n s  t o  capac i t y  i n  two ways. As t h e  c o n s t r a i n t s  on w i t h -  
drawals from r i v e r s  become b ind ing ,  t h e  model i n i t i a l l y  ( i n  t h e  e a r l y  1990 's )  1 J 
s u b s t i t u t e s  r e s e r v o i r  s i t e s  f o r  coal  - f i r e d  power p l a n t s  f o r  c a p a c i t y  t h a t  has been 
d i sp laced  f rom r i v e r  s i t e s .  A f t e r  t h e  most economica l ly  a t t r a c t i v e  r e s e r v o i r  . 
s i t e s  have been developed, t h e  model then  ( i n  t h e  e a r l y  2000 's)  s u b s t i t u t e s  nuc lea r  
I 
1 
c a p a c i t y  l o c a t e d  on t h e  M i s s i s s i p p i  R i v e r  f o r  c a p a c i t y  t h a t  has been d i sp laced  1 
f rom s i t e s  on t h e  sma l l e r  r i v e r s .  1 
The i n i t i a l  s h i f t  t o  r e s e r v o i r  s i t e s  f o r  c o a l - f i r e d  p l a n t s  occurs because, by 1 
v i r t u e  o f  t h e i r  s i z e  and o r  l o c a t i o n  ( p a r t i c u l a r l y  r e s e r v o i r s  i n  c e n t r a l  I l l i n o i s )  , I 
r e s e r v o i r s  a r e  l e s s  c o s t l y  t o  develop than  nuc lea r  p l a n t  s i t e s  on t h e  upper M i s s i s s i p p i .  1 
Nuclear  s i t e s  on t h e  upper M i s s i s s i p p i  are,  however, l e s s  c o s t l y  t o  develop than 
r e s e r v o i r  s i t e s  i n  deep southern I l l i n o i s ,  which causes t h e  model t o  make 
I 
t h e  second s h i f t  i n  t h e  optimum composi t ion o f  new capac i t y .  Both s h i f t s  a r e  
1 
9 
Tab1 e 3.10. ESTIMATED ADDITIONS OF NEW ENERGY ~RODUCTION CAPACITY FOR 
SCENARIO 11-A (5.0 PERCENT GROWTH I N  ELECTRICITY DEMAND) 
Steam E l e c t r i c  Power Generat ion 
(megawatts ) 
Nuclear  Base Load 
R i v e r  S i t e s  
Reservo i r  S i t e s  
Coal - F i r e d  Base Load 
R i v e r  S i  t e s  
Reservo i r  S i t e s  
Peak Load 
Coal G a s i f i c a t i o n  
R i  ve r  S i  t e s  
Reservo i r  S i t e s  
Coal G a s i f i c a t i o n  
( m i l l i o n  s c f d )  
E a r l y  1980 's  E a r l y  1 9 9 0 . ' ~  E a r l y  2000's 
-- -/ River Basin Region Boundaries 
Development Sequence 
1980's 1990's 2000's 
Coal Gasification 
F igu re  3.7. Scenar io  I - A :  Optimurr~ s p a t i a l  a r ~ d  temporal development 
c o n f i g u r a t i o n  f o r  new energy f a c i l i t i e s .  

apparent  i n  scenar ios  I - A  and 11-A, b u t  t hey  a r e  more pronounced i n  11-A 1 i 
because t h e  h i g h e r  growth r a t e  f o r  e l e c t r i c i t y  demand necess i t a t es  t h e  develop- 
1 
ment o f  more s i t e s .  The s p a t i a l  e x t e n t  o f  these s h i f t s  i s  i l l u s t r a t e d  i n  F igures  i 
3.7 and 3.8. 
3 
Tables 3.11 and 3.12 c o n t a i n  t h e  cor responding s p a t i a l  and temporal  p a t t e r n s  
of ene rgy - re l a ted  wate r  demands f o r  scenar ios  I - A  and 11-A. Because o f  t h e  manner 
i n  which t h e  h y d r o l o g i c  bas ins have been de f ined ,  t h e  i m p o s i t i o n  o f  w i thd rawa l  
c o n s t r a i n t s  does n o t  always r e s u l t  i n  c o n s i s t e n t  changes i n  r e g i o n a l  ene rgy - re l a ted  
wate r  demands. (Compare, f o r  example, t h e  p r o j e c t i o n s  f o r  r e g i o n  3  f o r  scenar ios  
I and I - A  and f o r  scenar ios  I 1  and 11-A). Some reg ions ,  f o r  example, r e g i o n  3, 
c o n t a i n  two r i v e r s :  one r i v e r  f o r  which t h e  w i thdrawa l  c o n s t r a i n t  i s  b i n d i n g  and 
one f o r  which i t  i s  no t .  The i m p o s i t i o n  of w i thd rawa l  c o n s t r a i n t s  can r e s u l t  i n  
a  s h i f t i n g  o f  wa te r  demands t o  t h e  l a r g e r  r i v e r s  which may o r  may n o t  o f f s e t  t h e  
decreased use o f  t h e  sma l l e r  r i v e r .  Th i s  d i f f i c u l t y  i s  n o t  r e l a t e d  t o  t h e  way 
t h e  model works, and i t  can be avo ided by us i ng  watershed reg ions  as t h e  bas i s  
f o r  aggrega t ing  t h e  energy - re la ted  wate r  demands f o r  t h e  optimum s e t  o f  p l a n t s .  
3.6 CONCLUSION 
Throughout t h i s  s tudy,  a  major  goal  has been t o  u t i l i z e  e f f e c t i v e l y  eco- 
nomic c r i t e r i a  ( l e a s t - c o s t )  i n  s e l e c t i n g  optimum s p a t i a l  and temporal  p a t t e r n s  
f o r  energy development s u b j e c t  t o  water  a v a i l a b i l i t y .  To ach ieve t h i s  goal 
e f f o r t s  were made t o  model economic r e l a t i o n s h i p s  which i n f l  uence t he  expansion 
and ope ra t i on  o f  an energy p roduc t i on  system w i t h  an a p p r o p r i a t e  degree o f  

T a b l e  3 . 1 2 .  PROJECTED PATTERN OF GROSS WITHDRAWALS OF SURFACE WATER FOR NEW ENERGY PRODUCTION 
F A C I L I T I E S  ASSUMING ENERGY DEMAND GROWTH RATES AND WITHDRAWAL L I M I T A T I O N S  
OF SCENARIO 11 -A  
- - 
R Nuclear I Coal F i red  E Coal Gas i f i ca t ion  1 I 
G ! i 
I River 1 Reservoir  , River Reservoir 1 River I Reservoir I To ta l  
0 - 
i s 
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presen t  any d i f f i c u l t y  i n  o b t a i n i n g  s o l u t i o n s .  Once a  s t r a t e g y  f o r  o b t a i n i n g  
optimum s o l u t i o n s  had been programmed, so l  u t i o n s  t o  t h e  model were r o u t i n e l y  
ob ta ined  f o r  about $150 each, us i ng  Management Sciences Systems' MPS I11 
mathematical  programming package on an I B M  360-75 computer. 
The f a c t  t h a t  a  l a r g e  l i n e a r  programming model was u l t i m a t e l y  manageable 
f o r  t he  purposes o f  t h i s  s tudy  has been q u i t e  encouraging f o r  severa l  reasons. 
The p resen t  model can be used t o  examine t h e  s e n s i t i v i t y  o f  i n f o r m a t i o n  on 
optimum energy development s t r a t e g i e s  and corresponding energy- re la ted  water 
demands t o  changes i n  any o f  i t s  parameters; f o r  example, changes i n  t h e  r e l a -  
t i v e  cos ts  o f  c o n s t r u c t i n g  nuc lea r  and c o a l - f i r e d  power p l a n t s  o r  changes i n  
p r o j e c t e d  l e v e l s  of  energy consumption. Wi th  m inor  changes, t h e  p resen t  model 
can a l s o  be used t o  generate i n f o r m a t i o n  on optimum energy development s t r a t e g i e s  
and corresponding energy- re la ted  water  demands f o r  r a t h e r  d i v e r s e  p o l i c i e s  which 
may shape energy development; f o r  example, t h e  implement ing o f  a  nuc lea r  mora- 
tor ium,  encouraging nuc lea r  parks,  o r  changing t h e  s t r u c t u r e  o f  demand f o r  
e l e c t r i c  power. E f f o r t s  a r e  c u r r e n t l y  underway t o  app l y  t h e  p resen t  model i n  
examining some o f  these p o l i c i e s  us ing  t h e  s t a t e  o f  I l l i n o i s  as a  case s tudy  
reg ion .  
As was demonstrated by t h i s  s tudy,  t h e  a p p l i c a t i o n  o f  a  m u l t i p e r i o d ,  mu1 t i- 
p l a n t  l i n e a r  programming model p rov ides  a  usefu l  means o f  gene ra t i ng  i n f o r m a t i o n  
about t h e  n a t u r e  and e x t e n t  o f  f u t u r e  ene rgy - re l a ted  water  demands. The model 
p rov ides  t h e  c a p a b i l i t y  o f  deve lop ing  p r o j e c t i o n s  which a r e  q u i t e  s p e c i f i c  w i t h  
respec t  t o  t h e  amount o f  i n f o r m a t i o n  t hey  convey about t h e  amount, na tu re ,  
l o c a t i o n ,  and t i m i n g  o f  energy-re lated water demands. Water resources planners 
can use these p r o j e c t i o n s  i n  accommodating water demands f o r  new energy devel -  
opment along w i t h  water demands f o r  o the r  uses. 
F i n a l l y ,  because the  l i n e a r  programming model t h a t  was developed i n  t h i s  
study a l s o  generates r a t h e r  s p e c i f i c  i n fo rma t i on  about t h e  na ture  and ex ten t  
o f  t h e  f u t u r e  energy product ion system, t he re  i s  considerable p o t e n t i a l  f o r  
us ing the  model t o  a s s i s t  i n  t he  coo rd ina t i on  o f  energy and water p lanning.  
For example, t he  model can be used i n  implementing s tate-wide energy f a c i l i t y  
s i t i n g  programs. To f a c i l i t a t e  t h i s  k i n d  o f  app l i ca t i on ,  dec i s i on  makers from 
s t a t e  governments and u t i l i t y  companies must cooperate i n  improving the  c u r r e n t  
model i n  p a r t i c u l a r  by e l i m i n a t i n g  some o f  t he  r e s t r i c t i v e  assumptions concern- 
i n g  movement o f  coal and water. P re l im ina ry  research e f f o r t s  toward t h i s  end 
a re  now underway. 
APPENDIX. A  
PROJECTIONS OF FUTUKE DEMANDS FOR 
ELECTRIC ENERGY, ELECTRIC POWER AND GAS 
The p r o j e c t i o n s  o f  f u t u r e  energy demands t h a t  were needed f o r  t h i s  a n a l y s i s  
were made as growth e x t r a p o l a t i o n s  f rom 1972 l e v e l s  o f  energy consumption. Pro- 
j e c t i o n s  o f  r e g i o n a l  demands f o r  e l e c t r i c i t y  and gas f o r  t h e  p e r i o d  1973-2002 were 
made f o r  each o f  t h e  energy demand cen te r s  i n  t h e  model. 
For  e l e c t r i c  energy (Mwh), p r o j e c t i o n s  were made f o r  14 r e g i o n a l  demand p o i n t s  
assuming a  3  pe rcen t  and a  5 percen t  average annual r a t e  o f  growth i n  consumption. 
The d e s i g n a t i o n  o f  areas as r e g i o n a l  demand p o i n t s  was based on t h e i r  p resen t  and 
p r o j e c t e d  impor tance as l o a d  cen te r s  w i t h i n  t h e  t r ansm iss i on  network f o r  t h e  s t a t e  
o f  I l l i n o i s .  Some o f  t h e  r e g i o n a l  demand p o i n t s  used i n  t h e  model a r e  aggregat ions 
of t h e  o p e r a t i n g  d i v i s i o n s  o f  one o r  more u t i l i t y  companies. 
Est imates o f  t h e  peak l o a d  power demands (megawatts) f o r  each r e g i o n  were 
made by d i v i d i n g  t h e  p r o j e c t e d  average annual h o u r l y  demand by a  r e g i o n a l  l o a d  
f a c t o r .  E s t i m a t c s o f i n t e r m e d i a t e  and base l oad  power demands were computed as 
f i x e d  p r o p o r t i o n s  o f  t h e  peak l o a d  es t imate .  
Load f a c t o r s ,  o r  t h e  r a t i o  o f  t h e  annual average h o u r l y  demand t o  t h e  annual 
peak h o u r l y  demand, va r y  cons ide rab l y  w i t h i n  I l l i n o i s  i n d i c a t i n g  d i v e r s e  p a t t e r n s  
o f  e l e c t r i c  energy demand w i t h i n  t h e  s t a t e .  By us i ng  r e g i o n a l  l o a d  f a c t o r s  some 
o f  t h a t  d i v e r s i t y  has been i nco rpo ra ted  i n t o  t h e  p r o j e c t i o n s .  
Data f o r  1972 l e v e l s  of  e l e c t r i c  energy consumption and l o a d  f a c t o r s  were 
ob ta ined  f rom Federal  Power Commission Form 12 f o r  i n d i v i d u a l  e l e c t r i c  u t i l i t y  
companies i n  I l l i n o i s .  The p r o j e c t i o n s  o f  energy consumption and peak power 
demand f o r  scenar ios I and I - A  a r e  presented i n  Tables A.l and A.2. 
For gas, a  s i n g l e  p r o j e c t i o n  o f  t h e  excess demand f o r  gas was made f o r  t h e  
e n t i r e  s t a t e .  Excess demand r e f e r s  t o  t h e  amount by which demand i s  p r o j e c t e d  
t o  exceed t h e  supp ly  of  n a t u r a l  gas e n t e r i n g  t h e  s t a t e  through p i p e l i n e s .  I t  
was assumed t h a t  t h e  p roduc t i on  o f  s y n t h e t i c  gas f rom coal  would be s u f f i c i e n t  
t o  cover  t h e  p r o j e c t e d  d e f i c i t  i n  t h e  supply  o f  n a t u r a l  gas e n t e r i n g  I l l i n o i s  ' 
v i a  p i p e l i n e s .  Suppl ies of  s y n t h e t i c  gas f rom two syngas- f rom- l iqu ids p l a n t s  
t h a t  a r e  l o c a t e d  i n  I l l i n o i s  were n o t  accounted f o r  i n  t h i s  s tudy  as these p l a n t s  
were n o t  i n  ope ra t i on  i n  1972. 
The p r o j e c t i o n  used i n  t h i s  a n a l y s i s  assumes t h a t  demands f o r  gas w i l l  i n -  
crease moderate ly  a t  an average annual r a t e  o f  one percen t .  Suppl ies on t h e  
o t h e r  hand, w i l l  decrease--due t o  c u r t a i l m e n t s  and reduced p roduc t i on - -a t  an 
average annual r a t e  o f  f o u r  percen t .  I t  was f u r t h e r  assumed t h a t  t h e  p r o j e c t e d  
d e f i c i t  would be d i s t r i b u t e d  among t h r e e  consuming reg ions  w i t h i n  t he  s t a t e  i n  
p r o p o r t i o n  t o  t h e  market shares of  t h e  gas u t i l i t i e s  i n  those reg ions  i n  1972. 
Data on 1972 gas sa les  f o r  t h e  l a r g e s t  u t i l i t i e s  i n  t h e  s t a t e  were ob ta ined  from 
t h e  11 1  i n o i s  Commerce Commission ( 1  973). The p r o j e c t i o n s  o f  excess demands f o r  
gas used i n  t h e  model a re  g i ven  i n  Table A.3. 
Tab1 e A. 1 . P r o j e c t e d  Regiona l  Energy C o n s i r ~ p t i o n ,  
Scenar ios  I and I - A  
( l o 3  M W ~ )  
Approx imate E a r l y 1 9 8 0 1 s  E a r l y 1 9 9 0 ' s  E a r l y 2 0 0 0 1 s  
Geographic 
Load Center  
Chicago 27,526 37,395 50,256 
Harvey 12,853 1 7,274 23,214 
Auro ra  15,259 20,506 27,559 
Des P l a i n e s  12,199 16,394 22,032 
RocJ<ford 7,206 9,684 13,015 
Rock I s 1  and-Qlol -i ne 1,688 2,268 3,049 
LaSal 1 e-Peru 2,226 2,991 4,020 
P e o r i a  4,549 
Champaign-Decatur- 
Bloornington 4,721 
Q u i n c y - J a c k s o n v i l l e  2,781 
S p r i n g f i e l d  1,333 
M a t t o o n - E f f  ingharn 4,732 
A1 ton-E. S t .  L o u i s  8,817 
M t .  Vernon-W. F r a n k f o r -  
F'lari on 9,636 
TOTAL : 115,826 
Table A. 2. P ro j ec ted  Regional  Power Demands, 
Scenar ios  I ar;ci I-:, 
(megawatts) 
- - 
Approximate E a r l y  1980 's  E a r l y  1990 's  E a r l y  2000's 
Geographic 
Load Center 
Chicago 5,703 
Harvey 2,405 
Aurora 3,110 
Des P la i nes  2,584 
Roc k f o r d  1,362 
Rock I s l and -Mo l i ne  376 
LaSa 1 1 e-Peru 450 
Peo r i  a 934 
Champai gn-Decatur- 
Bloomington 983 
Qu incy - Jacksonv i l l e  584 
S p r i  n g f  i e l  d 349 
Mattoon-Eff ingham 859 
Al ton-E.  S t .  Lou i s  1,691 
Mt.Vernon-W.Frankfort- 
Mar ion 1,759 
TOTAL : 23,149 
Table A.3. P r o j e c t i o n s  o f  Excess Demands f o r  Gas f o r  a l l  Scenarios 
(mi 11 i o n  s c f d )  
Consurni ng Region E a r l y  1980 's  E a r l y  1990 's  E a r l y  2000's 
Chicago M e t r o p o l i t a n  
and Nor thern  I l l i n o i s  1,238 2,189 2,964 
Peor ia  M e t r o p o l i t a n  
Area & Cent ra l  I l l i r ~ o i s  233 41 0  557 
Metro East  and Southern 
I l l i n o i s  7 7 137 185 
APPENDIX B  
ANALYSIS OF THE COSTS OF ENERGY 
PRODUCTION AND TRANSMISSION 
Three types o f  u n i t  c o s t  i n f o rma t i on ,  c a p i t a l  cos t s ,  p roduc t i on  costs ,  
and t ransmiss ion  cos t s ,  were developed f o r  t h i s  ana l ys i s .  The da ta  sources 
and procedures f o r  e s t i m a t i n g  these cos t s  a r e  d iscussed below. 
B. l  CAPITAL COSTS FOR NEW ENERGY PRODUCTION FACILITIES 
Est imates o f  n o n - s i t e - s p e c i f i c  u n i t  investment  cos t s  f o r  new 2,000 
megawatt base l o a d  coal  and nuc lea r  s team-e lec t r i c  power p l a n t s  which begin 
commercial ope ra t i on  d u r i n g  t h e  s t u d y ' s  p lann ing  ho r i zon  a re  presented i n  
Tables B . l  and B.2. These cos t s  were computed u s i n g  t h e  ORCOST computer code 
f o r  e s t i m a t i n g  bo th  t h e  d i r e c t  and i n d i r e c t  cos t s  assoc ia ted  w i t h  p l a n t  con- 
s t r u c t i o n  ( F u l l e r ,  -- e t  a1 ., 1972). D i r e c t  cos t s  i n c l u d e  m a t e r i a l  s, equipment, 
and c o n s t r u c t i o n  cos t s  f o r  p l a n t  components i n c l u d i n g  s t r u c t u r e s ,  b o i l e r ,  
t u r b i n e ,  gene ra t i ng  equipment, c o o l i n g  systern, SO2 removal system, and rad-  
waste c o n t r o l  system. I n d i r e c t  cos t s  i n c l u d e  an i n t e r e s t  charge on t h e  sum 
of d i r e c t  cos t s  f o r  t h e  d u r a t i o n  o f  t h e  c o n s t r u c t i o n  per iod .  I n t e r e s t  charges 
f o r  nuc lea r  and c o a l - f i r e d  p l a n t s  were computed u s i n g  seven and f i v e - y e a r  
pe r i ods  o f  c o n s t r u c t i o n  r e s p e c t i v e l y .  
A l l  cos t s  were es t imated  i n  terms o f  1972 d o l l a r s .  An a l lowance was n o t  
made f o r  any i n f l a t i o n  i n  cos t s  t h a t  has occurred s i nce  1972. As a  r e s u l t ,  
t h e  r e l a t i v e  c o s t  s t r u c t u r e  f o r  c o n s t r u c t i n g  power p l a n t s  t h a t  e x i s t e d  i n  
1972 was ma in ta ined  throughout  t he  p e r i o d  o f  a n a l y s i s  i n  t h e  model. 
TABLE 5.1. ESTIMATED CAPITAL COSTS OF 2000 MEGAWATT COAL-FIRED POWER PLANTS: (1972 $/kw) 
RIVER SITES 
I l l i n o i s  Coal Western Coal 
Cool i ng System 0-T - M DT - N DT PONDS - 0-T MDT NDT PONDS 
C o o l i n g  System Cost 6.2 8.9 10.8  7.7 6.2 8 .9  10.8  7.7 
SO2 Removal 44.1 44.1 44.1 44.1 
Base P l a n t  Cost  152.8 152.8 152.8 152.8 152.8 152.8 152.8 152.8 
T o t a l  C o n s t r u c t i o n  Cost  203.1 205.8 207.7 204.6 159.0 161.7 163.6 160.5 
C a p a c i t y  P e n a l t y  0.9 4 .8  4.8 2 .8  0 .0  3 .0  3.0 1.5 
Land Requirements ( a c r e s )  1000 1000 1000 3400 1000 1000 1000 3400 
Land Cost  ($1,00Q/acre) 0.5 0.5 1 .7  1 .7  0.5 0.5 0.5 1 .7  
C o n s t r u c t i o n  P e r i o d  
( y e a r s  5.0 5.0 5 .0  5.0 5.0 5.0 5.9 5.0 
I n t e r e s t  d u r i n g  
C o n s t r u c t i o n  
( 9  p e r c e n t )  43.3 43.9 44.3 44.5 33.0 34.5 34.9 35.1 
T o t a l  I nves tmen t  Cost  247.8 255.0 257.3 253.6 1 93.5 199.7 202.0 198.8 
TABLE B. 2. ESTIMATED CAPITAL COSTS OF 2000 MEGAWATT NUCLEAR POWER PLANTS: (1  972 $/kw) 
RIVER SITES 
Cool i ng Sys tem 
Coo l ing  System Cost 
Radwaste System 
Base P l a n t  Cost 
To ta l  Cons t ruc t i on  Cost 
B o i l i n g  Water Reactor Pressur ized  Water Reactor 
0-T MDT NDT PONDS 0- T MDT N DT PONDS 
Capaci ty  Penal t y  0.0 4.0 4.0 1.9 
Land Requi rements (ac res )  1000 1000 1000 3400 
Land Costs ($1 000/acre) 0.5 0.5 0.5 1.7 
Cons t ruc t i on  Pe r i od  (years )  7.0 7.0 7.0 7.0 
I n t e r e s t  Dur ing  
Cons t ruc t i on  (9  percen t )  60.2 61.8 63.2 62.1 
T o t a l  Investment Cost 252.8 263.5 269.6 260.2 
U n i t  c a p i t a l  c o s t  es t imates  f o r  a1 t e r n a t i v e  c o o l i n g  systems, i n c l u d i n g  
once-through coo l  i n g  (0-T) , mechanical d r a f t  coo l  i ng towers (MDT) , n a t u r a l  
d r a f t  c o o l i n g  towers (NDT), and c o o l i n g  ponds, which u t i l i z e  r i v e r s  as sources 
o f  makeup wate r  were ob ta ined  f rom Dynatech (1969). These es t imates  were up- 
dated t o  1972 c o s t  l e v e l s  us ing  t h e  Engineer ing News Record Cons t ruc t i on  Cost 
Index (1974). An a d d i t i o n a l  l a n d  requi rement  o f  1.2 ac res  pe r  megawatt was 
a1 so added f o r  p l a n t s  t h a t  u t i l i z e  c o o l i n g  ponds. 
U n i t  c a p i t a l  c o s t  es t imates  f o r o n c e - t h r o u g h c o o l i n g  systems which u t i l i z e  
r e s e r v o i r s  as sources o f  makeup wate r  were ob ta ined  by adding es t imated  u n i t  
cos t s  f o r  r e s e r v o i r  c o n s t r u c t i o n  t o  es t imated  u n i t  cos t s  f o r  p l a n t s  equipped 
w i t h  once th rough coo l i ng .  U n i t  cos ts  f o r  r e s e r v o i r  c o n s t r u c t i o n  were e s t i -  
mated us ing  t h e  f o l l o w i n g  equat ion,  which was de r i ved  by Smi th  and S t a l l  (1975), 
where t o t a l  p r o j e c t  cos t ,  PC, i n  1972 d o l l a r s  i s  a  f u n c t i o n  o f  t h e  s to rage  
capac i t y ,  S, o f  t h e  proposed r e s e r v o i r  i n  ac re - f ee t ,  and t h e  c o s t  o f  land,  k, 
i n  d o l l a r s  p e r  acre.  To ta l  p r o j e c t  c o n s t r u c t i o n  cos t s  i n c l u d e  c o n s t r u c t i o n ,  
eng ineer ing  serv ices ,  l e g a l  se rv ices ,  con t ingenc ies ,  and l and  cos ts .  Construc- 
t i o n  encompasses t h e  cos t s  o f  l a n d  c l e a r i n g ,  s p i l l w a y  c o n s t r u c t i o n  and r e l o c a t i o n s .  
The amount o f  l a n d  r e q u i r e d  f o r  a  p r o j e c t  was assumed t o  be 50 percen t  more than  
t he  es t imated  sur face  area f o r  t he  pool .  
The above equation was used t o  compute the s i t e - spec i f i c  reservoir  con- 
s t ruc t ion  costs f o r  potential reservoirs  with sustainable yie lds  t h a t  a re  
su f f i c i en t  t o  meet the makeup water requirements of a 2000 megawatt coal- 
f i r e d  o r  nuclear power plant o r  a 250 mill ion scfd coal gas i f icat ion plant .  
Total construction costs  a re  based on the  estimated storage capaci t ies  of 
these potential s i t e s  (Smith and S t a l l ,  1975). 
SOCTAP'S (1973) 1972 estimate of 40 do l la r s  per kilowatt was used as  
the un i t  capi ta l  cost  estimate f o r  SO2 removal systems f o r  new plants.  This 
i s  an estimate of the  average incremental cost  f o r  the  i n s t a l l a t i on  of stack 
gas scrubbers a t  new generating plants.  I t  was assumed tha t  stack gas 
scrubbing would be su f f i c i en t  t o  meet SO2 emissions standards f o r  new coal- 
f i r ed  plants t ha t  b u r n  I1 1 inois  coal. 
Based on reported gas turbine plant  construction costs  (Federal Power 
Commission, 1972a) the  capi ta l  costs  f o r  new gas turbine peaking plants were 
nominally s e t  a t  100 do l la r s  per kilowatt.  Additions of u p  t o  500 megawatts 
of new peaking capacity were permitted a t  each of nineteen substat ions and 
demand points in the  model. Total (new addit ions plus exis t ing un i t s )  peak 
load capacity was limited t o  10 percent of the statewide maximum expected peak 
load demand fo r  power during any s ingle  neriod in the  model. 
C a p i t a l  c o s t s  f o r  h i g h  B tu  coa l  g a s i f i c a t i o n  p l a n t s  were n o m i n a l l y  s e t  
a t  2.0 do1 l a r s  p e r  s c f d  o f  p l a n t  c a p a c i t y  o r  $500 m i l  1  i o n  f o r  a  250 m i l l  i o n  
s c f d  p i a n t .  The f a c t  t h a t  es t imated  c o n s t r u c t i o n  c o s t s  f o r  t h i s  k i n d  o f  
p l  a n t  have esca la ted  t o  over  $1 .0  b i  11 i o n  (Energy Research and Devel opment 
Adm in i s t r a t i on ,  1976) does n o t  a f f e c t  t he  manner i n  which t h e  model, as p re -  
s e n t l y  fo rmu la ted ,  s e l e c t s  optimum expansion s t r a t e g i e s .  
B.2 ENERGY PRODUCTION COSTS 
P l a n t  c a p a c i t i e s ,  gene ra t i on  cos ts ,  c a p a c i t y  f a c t o r s ,  and approximate ages 
f o r  e x i s t i n g  base, in termediate ,and peak l o a d  p l a n t s  i n  I l l i n o i s  i n  t h e  base 
per iod ,  1972-74, were ob ta i ned  f rom Federal  Power Commission pub1 i c a t i o n s  ( 1  972a 
and 1972b). Capac i t y  f a c t o r s  f o r  new base l o a d  p l a n t s  were assumed t o  be 65 
percen t ,  which i s  s l i g h t l y  g r e a t e r  t han  t h e  c u r r e n t  average annual c a p a c i t y  
f a c t o r  f o r  a l l  base l oad  p l a n t s  i n  I l l i n o i s .  
Generat ing c o s t s  f o r  new c o a l - f i r e d  power p l a n t s  were es t ima ted  a t  3.33 
m i l  1s pe r  k i l o w a t t - h o u r .  T h i s  amount i n c l u d e s  bo th  f u e l  c o s t s  and o p e r a t i o n  and 
maintenance cos ts .  Average annual f u e l  c o s t s  were es t ima ted  u s i n g  an assumed 
heat  r a t e  o f  8500 B tu  pe r  k i l o w a t t - h o u r  and t h e  1972 average p r i c e  f o r  coa l  
d e l i v e r e d  t o  I l l i n o i s  power p l a n t s  f r om  mines i n  I l l i n o i s  (Federa l  Power Com- 
miss ion,  1 9 7 2 ~ ) .  Opera t ion  and maintenance c o s t s  were computed as 25 pe rcen t  
o f  t o t a l  f u e l  cos ts ,  which i s  t h e  n a t i o n a l  average r a t i o  o f  o p e r a t i o n  and main- 
tenance c o s t s  t o  f u e l  c o s t s  (Federa l  Power Commission, 1972b). 
The genera t ing  cos t s  f o r  new nuc lea r  power p l a n t s  and gas t u r b i n e  p l a n t s  
were s e t  a t  2.5 and 15.0 m i l l s  pe r  k i l owa t t - hou r ,  r e s p e c t i v e l y .  These amounts 
a r e  c l o s e  approx imat ions t o  a c t u a l  genera t ing  cos t s  f o r  I l l i n o i s  p l a n t s  o f  
t h i s  k i n d  d u r i n g  t he  base p e r i o d  (Federa l  Power Commission, 1972b). 
F i n a l l y ,  nominal p roduc t i on  cos t s  o f  $2.50 p e r  Mcf were assumed f o r  pro-  
u < 
duc ing h i gh  B tu  gas f rom coa l .  Again t he  f a c t  t h a t  r ecen t  es t imates  (Energy 
Research and Development Adm in i s t r a t i on ,  1976) i n d i c a t e  t h a t  t he  cos t s  o f  h i g h  
B tu  coa l  g a s i f i c a t i o n  a r e  l i k e l y  t o  be much h ighe r  does n o t  a f f e c t  t h e  manner 
i n  which t h e  p resen t  model s e l e c t s  optimum l e v e l s  o f  gas p roduc t ion .  
- *I 
8.3. ENERGY TRANSMISSION COSTS 
U t i l i t i e s  r e p o r t  annual t ransmiss ion  cos t s  i n c l u d i n g  ope ra t i on  expenses, 
maintenance expenses, and r e n t s  f o r  nominal t ransmiss ion  l i n e  s izes  i n  k i l o v o l t s  
(Federal  Power Commission Form 1 ) .  Therefore,  i n  o r d e r  t o  es t imate  u n i t  t r ans -  
m iss i on  cos t s  i n  d o l l a r s  per  megawatt-hour-mile, i t  was f i r s t  necessary t o  com- 
pu te  l i n e  c a p a c i t i e s  i n  megawatts. The f o l l o w i n g  equat ion  was used t o  compute 
c a p a c i t i e s  o f  t h e  l i n e  s i zes  used i n  t h e  model 
where PL i s  l i n e  c a p a c i t y  i n  megawatts, VL  i s  nominal l i n e  vo l tage ,  and IL i s  
l i n e  c u r r e n t  i n  a  three-phase l i n e  w i t h  an e n t i r e l y  r e s i s t i v e  load .  Because 
l i n e  c u r r e n t  i s  dependent on severa l  v a r i a b l e s  i n c l u d i n g  t he  s i z e  and t ype  of 
conductor,  IL was a r b i t r a r i l y  s e t  a t  75 percen t  o f  t h e  l i n e ' s  approximate c a r r y -  
i n g  capac i t y .  Data on c u r r e n t  c a r r y i n g  c a p a c i t i e s  f o r  d i f f e r e n t  conductor  s i zes  
were obtained from Westinghouse Electric Corporation ( 1  964). Estimates of 
1 ine capacities were then converted to  energy (megawatt-hours) and an annual 
load factor of 70 percent was assumed for  the purposes of computing trans- 
mission costs. 
Transmission l ine  loss ,  expressed as the percentage of power los t  per 
mile of transmission, i s  dependent on conductor resistance and current carrying 
capacity. The following relationship was used to  estimate transmission l ine  
loss for  the nominal l ine  sizes used in the model; 
where LL i s  power loss and RL i s  conductor resistance in ohms per conductor 
mile. IL was a rb i t r a r i ly  s e t  a t  75 percent of the l i n e ' s  approximate carrying 
capacity and corresponding data for conductor resistances were obtained from 
Westinghouse Electric Corporation (1964). Estimates of operation costs and 
transmission losses for  the l ine  sizes used in th i s  study are presented in 
Table B.3. 
S ta t i s t i c s  on the costs of gas transmission--in terms of volumes (cubic 
f e e t )  moved per mi 1 e--are not readi ly avai 1 able. Engineering data presented 1 i 
in the National Gas Survey volume on transmission indicate that  there are 1 
def ini te  economies of scale i n  transporting gas in large pipelines (Federal 1 
Power Commission, 1973). The graphical information presented in tha t  report 1 
1 
on pipeline economies provided the single point estimate of 13 cents per 
million-cubic-feet per mile used in t h i s  study. 
TABLE B.3. TRANSMISSION LINE STATISTICS FOR ILLINOIS - 1 9 7 2 ~  
L ine  Voltage ( k i l o v o l t s )  
Operat ing Cost (do1 1 a r s  
per megawatt-hour-mi 1 e)  
Transmission Loss (percent  Der 
m i  1  e )  
a s t a t i s t i c s  a re  weighted averages o f  data repo r ted  by s i x  u t i l  i t i e s  
ope ra t i ng  i n  t he  s t a t e  o f  I l l i n o i s .  
b ~ a t a  f o r  t h i s  s i z e  t ransmiss ion l i n e  may be i n s u f f i c i e n t  t o  p rov ide  
rep resen ta t i ve  ope ra t i ng  costs .  
APPENDIX C 
ANALYSIS OF WATER REQUIREMENTS 
FOR ENERGY PRODUCTION 
The e s t i m a t e s  o f  wa te r  requ i rements  f o r  s t e a m - e l e c t r i c  power g e n e r a t i o n  
and coa l  g a s i f i c a t i o n  t h a t  were used i n  t h i s  s tudy  a r e  based on s e v e r a l  rev iews  
and analyses o f  t h e  t e c h n i c a l  and economic de te rm inan ts  o f  w a t e r  use i n  energy 
p r o d u c t i o n .  (See, f o r  example, Cootner and L s f ,  1965; Dynatech Corpora t ion ,  1969; 
Brady, 1970; Hauser and Oleson, 1970; U.S. Env i ronmenta l  P r o t e c t i o n  Agency, 1970; 
J e d l  i c k a ,  1973; Nelson, 1974; Cro ley  .- e t  - a1 . , 1975).  For s t e a m - e l e c t r i c  power 
genera t ion ,  des ign -cond i  t o n  ( f u l l  c a p a c i t y  o p e r a t i o n  as opposed t o  average annual 
o p e r a t i o n )  e s t i m a t e s  o f  c o o l i n g  w a t e r  demand and makeup wa te r  demand were developed 
f o r  n u c l e a r  and c o a l - f i r e d  power p l a n t s  assuming t h a t  these  p l a n t s  would u t i l i z e  
c o o l i n g  ponds o r  man-made lakes  f o r  s t o r i n g  c o o l i n g  water .  
C o o l i n g  o r  c i r c u l a t i n g  w a t e r  denland r e f e r s  t o  t h e  amount o f  w a t e r  t h a t  must 
c i r c u l a t e  th rough  t h e  condensers i n  o r d e r  t o  d i s s i p a t e  t h e  h e a t  t h a t  i s  r e j e c t e d  
i n  t h e  condensers o f  a  power p l a n t .  Because o f  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of  
a  Rankine eng ine,  t h e  r e j e c t i o n  o f  h e a t  i s  necessary i n  o r d e r  t o  e s t a b l i s h  con- 
d i t i o n s  t h a t  a r e  e s s e n t i a l  f o r  e f f i c i e n t  steam t u r b i n e  o p e r a t i o n .  A f t e r  pass ing  
th rough  t h e  t u r b i n e ,  h igh- temperature ,  h igh -p ressure  steam i s  exhausted i n t o  a  
condenser where i t  i s  coo led  by wa te r .  As t h e  steam i s  coo led,  i t  condenses t o  a  
l i q u i d  and occup ies  a  s m a l l e r  space than  i t  d i d  f o r m e r l y .  T h i s  produces a  p a r t i a l  
vacuum o r  l o w  back p ressure  i n  t h e  condenser, and t h e  l o w e r  t h e  back p ressure ,  t h e  
more e f f i c i e n t  t h e  process (Cootner  and Lof, 1965) .  










